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Thesis Abstract 
 
Fluorescence detection has established itself as one of the main techniques of 
interrogation of biological systems. Extending those techniques to decrease the sample 
size to single molecules provides an absolute standard for bulk sample calibrations, as 
well as better insights since individual behavior is observed instead of population 
averages. We observed a number of fluorophores, including GFP, at the single-molecule 
level at room temperature. Calibrations gave a correct estimate of bulk surface densities 
over four orders of magnitude, through an optical, non-invasive, non-destructive means. 
Novel surface chemistry enabled visualization of single tagged nucleotide incorporations 
inside DNA immobilized on a glass surface at the single-molecule level. This technology 
was later extended to successful single-molecule DNA sequencing. 
 
At the same time, PDMS microfluidics was developed to provide the plumbing control, 
speed, and economy of scale for a broad range of applications. Novel surface chemistry 
anchored DNA to the PDMS microchannels, which allowed sequencing-by-synthesis to 
be conducted in the microfluidic environment using optical techniques. Materials, device, 
and architecture problems were also solved. Finally, all technology was put together and 
successful microfluidic bulk-fluorescence DNA sequencing was demonstrated. The same 
technology is applicable to any DNA studies in microfluidic environments and can 
eventually be extended to close the circle to single-molecule detection.  
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Chapter I 
 
Itinerary 
 
SUMMARY 
 
In the course of my graduate studies, I worked on two major projects and a few smaller 
ones. Single-molecule detection and the resulting applications are discussed in Chapters 
II-VI. Microfluidic DNA sequencing is presented in Chapter VII. The smaller works – 
FRET cascades in DNA, polyamides DNA sequencing, and DNA molecular combing – 
produced useful know-how, but the results were not significant enough to warrant 
separate chapters.   
 
Upon becoming part of Quake’s Group, I joined Marc Unger’s ongoing effort in single-
fluorophore detection. After a short training in fluorescence methods (Chapter II), I 
reproduced his results with tetramethylrhodamine and TRITC. Next, I improved the 
focusing techniques and optimized the wet chemistry preps, which enabled me to be the 
first to observe single-molecule GFP (green fluorescent protein) with a Hg lamp. This 
work found its way into my first co-authored publication (1). Later, I similarly imaged 
other single-fluorophore species, as discussed in Chapter III.  
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Once single fluorophores were successfully imaged, it was natural to ask the question if 
they could be used as a calibration tool in bulk fluorescence studies. After all, identical 
molecules under similar circumstances had to behave similarly regardless of their surface 
or volume concentration, so long as coupling effects, e.g. quenching and FRET 
(fluorescence resonance energy transfer), were not a factor. If the answer was yes, then 
single-fluorophore measurements would produce an average intensity per fluorophore. 
Dividing by this intensity the bulk fluorescence signal integrated over a sample region 
would give the absolute number of fluorophores in the same region. This would provide 
an in situ non-invasive non-destructive absolute mass measurement. Furthermore, the 
same technique would be extendable to any chemical species coupled to the fluorophores.  
 
It was of particular interest to calibrate GFP (green fluorescent protein), because as 
protein it can be conveniently inserted in expression systems of interest, including in-
vivo. Using a GFP mutant grown by Chi-Sung Chiu, I tested the available microbead 
substrates for single GFP deposition, and identified a brand of agarose beads as the best 
in terms of fluorescence background and mechanical properties. I went ahead to improve 
the imaging techniques and was first to observe single GFP on microbeads with Hg lamp 
illumination. My data showed single-peak histograms with a good Gaussian fit, which 
proved the hypothesis that the single GFP’s would behave essentially the same. Next, I 
did bulk measurements on Chi-Sung’s beads samples of varying GFP concentration. 
Combining the single-molecule and bulk fluorescence data, I produced the first 
calibration curves to show proof of principle for this calibration method. Later, Chi-Sung 
applied my techniques to reproduce the results on a different optical setup. The combined 
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work showed the high quality of the calibration over four orders of magnitude in 
concentration (2) (Chapter IV).   
 
Meanwhile, Marc and I worked on fluorescence-based DNA sequencing-by-synthesis. A 
seminal experiment detected single TMR-tagged nucleotides incorporated at the 
overhangs of lambda DNA, which was stained with YOYO and immobilized on a glass 
coverslip at the single-molecule level. The experiment showed that our system possessed 
enough sensitivity to detect the single tagged nucleotide, which made it feasible for us to 
move towards single-molecule DNA sequencing.  
 
The new direction required a large investment in developing a custom surface chemistry, 
since the contemporary molecular combing techniques were inadequate for the task at 
hand. The resulting prolonged meanderings round known chemistries produced extensive 
exoteric knowledge but nothing good enough for the application in mind, until Marc 
came up an idea based on polyelectrolyte multi-layers (PEM). I established the correct 
workings of the PEM chemistry and the conditions for optimal performance, one stage at 
a time. This chemistry satisfied the simultaneous requirements of DNA anchorage, DNA 
accessibility to the polymerase, and low non-specific attachment of fluorescent probes.   
 
We attempted a few bulk-fluorescence DNA sequencing experiments on coverslips, but it 
became clear that the technology was not feasible without some drastic improvement in 
reagent-control techniques. The era of true PDMS microfluidics had not started yet, so 
we looked for alternative applications. 
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With the custom surface chemistry at our disposal, we moved towards real-time single-
molecule measurements of polymerase activity, in analogy with previous results (3). This 
application necessitated a total internal reflection (TIR) illumination to avoid the 
fluorescence background from the probes’ high volumetric concentration required by 
reaction kinetics.  
 
At this point, Marc switched over to developing George Whitesides’ single-layer PDMS 
devices towards more fluidic functionality and multiple layers, while Ido Braslavsky 
joined the single-molecule project as a new postdoc. I trained Ido in surface chemistry 
and single-molecule detection techniques while he built the TIR illumination on a second 
setup. 
 
Concurrently, I worked with Keith Matthews on single-molecule imaging of FRET 
cascades in single DNA and developed molecular combing techniques as enabling 
technology. This side project was unsuccessful because my original setup lacked the 
illumination power and detection sensitivity to see FRET whose initial donor was 
fluorescein. On the upside, molecular combing know-how was acquired. 
 
I also worked on single-molecule DNA fingerprinting using fluorophore-tagged 
polyamides synthesized by Shane Foister (Dervan’s group, Caltech). The polyamides 
bound to specific DNA sequences. The conformational change released the attached 
fluorophore from quenching and thus signaled the reaction. This method was intended as 
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a sequencing tool, but the encouraging bulk results could not be reproduced at the single-
molecule level, probably due to technical incompatibility. 
 
Back in the main project, I used my original setup to demonstrate that it could detect a 
single tagged nucleotide that was incorporated inside single-molecule DNA anchored to 
the glass substrate. This was an important general result, because it proved the PEM 
surface chemistry was of sufficient quality to enable single-fluorophore studies of 
polymerase activity on anchored DNA. The work produced my first first-author 
publication (4) discussed in Chapter V. This result was also a critical building step for the 
TIR-based effort, because it showed the same was achievable there too, as the TIR setup 
sported a more sensitive intensified CCD camera.  
 
Next, Ido and I reproduced the same results in the flow cell of the TIR setup. Using two 
color channels, we established the correspondence between the DNA positions and the 
incorporated tagged nucleotide positions. This was a powerful proof of the correct 
workings for the TIR-based system and was the basis of the final step towards single-
molecule DNA sequencing.  
 
At that time in the same lab, Marc Unger and Hou-Pu Chou had already developed basic 
multi-layer PDMS devices (5). On the other hand, I did not expect to learn much more 
along the single-molecule path. Sensing the opportunity to diversify and improve my skill 
set while working on a promising new project, I convinced my thesis advisor that I apply 
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the emerging microfluidics to bulk-fluorescence DNA sequencing-by-synthesis where 
microfluidics provided the previously-missing reagent-control technology. 
 
Thus while maintaining a consulting role in the single-molecule effort, I set out on a 
second major project on my own. After joining the former, Ben Hebert modified John 
Crocker’s bead-tracking software to calculate position correlations for DNA and 
incorporated nucleotides, which greatly automated the data analysis. Ido came up with 
the spFRET avoidance of background, which allowed him to take convincing single-
molecule DNA sequencing data. The final results of this project were organized in a 
publication (4) (Chapter VI). 
 
Meanwhile I tackled the challenges of microfluidic DNA sequencing-by-synthesis. First I 
studied the device physics of the chips and optimized the fabrication parameters for my 
application to produce very high yields (~95%) and correct fluidic behavior. Next, I 
integrated the PEM glass surface chemistry into hybrid devices and showed multiple 
incorporations of tagged nucleotides inside DNA anchored to the surface of the 
microchannels. This was an important stepping stone to true sequencing. 
 
As I proceeded to sequencing, I realized that the prolonged baking, necessary for proper 
chip sealing and function, destroyed the initial stage of PEM glass surface chemistry. To 
resolve this, I switched to three-layer devices and devised a novel custom surface 
chemistry based on acrylic acid grafted covalently onto PDMS. That chemistry proved 
that it was possible to build durable PEM onto PDMS microchannels; however, it did not 
 7
produce as high surface densities as desired. Hence, I designed yet another surface 
chemistry, in which I used diacrylated PEG (polyethylene glycol) in place of acrylic acid 
as the initial graft. This PDMS-DAPEG-PEM chemistry was of high enough quality to 
enable successful bulk-fluorescence DNA sequencing. 
 
Next, I built and optimized the architecture of the microfluidic sequencer. The work 
resulted in significant improvements in throughput and speed, which made it possible to 
shrink the overall duration of a sequencing experiment, while multiple experiments were 
conducted after a single derivatization on a single chip. The developed architecture 
combined parallel processing with individual addressability, which is of immediate 
relevance to micro-array applications. 
 
After extensive kinetics studies that optimized reagent feeds and conditions, I integrated 
all these technologies into a single system and demonstrated successful, reliable, and 
reproducible bulk-fluorescence DNA sequencing-by-synthesis. I reproducibly sequenced 
up to four basepairs, which constituted proof of principle for the sequencer, as well as 
showcased all the underlying technology. This work (Chapter VII) is to be published in a 
future issue of Nucleic Acids Research. 
 
In future developments, cleavable nucleotides and mutant polymerases should drastically 
improve read length, while speed can be further optimized. Combined with my new 
parallel-buildup sequencing scheme, these advances should produce at least 12,000 bp 
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read length, which is 20x more than the state-of-the-art electrophoresis method, while the 
completion time-scale should remain the same. 
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Chapter II 
 
Fluorescence Reminder 
 
 
The notes herein are meant as a quick introduction to some of the aspects of the 
fundamental phenomenon of fluorescence, which underlies many of the methods, results, 
and technologies presented in this thesis.  
 
 
HISTORY 
 
As early as 1646, Athanasius Kircher, a German Jesuit priest, recorded an interesting 
observation of the wood extract of Lignum nephriticum – an aqueous infusion of this 
wood looked blue in reflected light and yellow in transmitted light. The blue light was 
actually fluorescence emission, which is why history of western science regards Kircher 
as the discoverer of fluorescence. 
 
In 1852, George Stokes, a Cambridge professor of mathematics and physics, formulated 
the law (now called Stokes Law) that the emitted light had longer wavelength than the 
incident light (now called Stokes Shift). A year later, Stokes coined the term 
“fluorescence”. 
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In 1864, it was George Stokes again, who was the first to suggest using fluorescent dyes 
for detection of organic substances. Paul Erlich, a German bacteriologist, was the first to 
use a fluorescent dye (uranin) in-vivo (1886), to track the secretion pathway of humor in 
the eye. Fluorescein, the active component of uranin, was synthesized in 1871 by Adolph 
von Baeyer, a German chemist. In 1897, Richard Meyer, a German chemist, coined the 
term “fluorophores” for molecules and chemical groups exhibiting fluorescence. 
 
In 1901, Peter Hewitt, an American, patented the first mercury vapor lamp, while the first 
fluorescence microscope was developed by two German physicists, O. Heimstaedt (1911) 
and H. Lehmann (1913), as an outgrowth of the UV microscope. The instrument was 
used to observe auto-fluorescence of organisms and bioorganic substances. With the 
advent of the mercury lamp and the fluorescence microscope, all the basic fluorescence 
detection components were in place. 
 
 
CHEMISTRY 
 
From the viewpoint of chemistry, fluorophores are usually polyaromatic hydrocarbons or 
heterocycles, because fluorescence is usually associated with the delocalized π-orbitals 
indigenous to such molecular structures. Some fluorophores, e.g. the rhodamine family, 
are virtually unaffected by environmental factors like salinity and pH, while others, e.g. 
fluorescein, exhibit a strong dependence. Some fluorophores, e.g. YOYO, intercalate in 
larger molecules, e.g. DNA, to hide their hydrophobic chains from the water of the 
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ambient solution, as a result of which their fluorescent output can increase by several 
orders of magnitude. Finally, many fluorophores can be conjugated to other molecules 
without significant alteration of their photophysical properties, which is the basis for a 
wide range of biological and medical applications that use fluorophores to tag and track 
chemical species of interest. 
 
 
PHYSICS 
 
From the viewpoint of physics, fluorescence can be understood in terms of light 
interacting with a two-level quantum system (1). If the incident light is treated as a 
sinusoidal perturbation H’(r,t)=V(r,t) cos(ωt), so that H’ab=Vab cos(ωt), time-dependent 
perturbation theory predicts transition probability between states a and b to be 
Pa→b ~ {│Vab│2 sin2 [(ω0–ω)t/2]}/{( ω0–ω)2 ħ2} 
at optical frequencies. Curiously, it turns out that Pa→b= Pb→a, so the result is the same 
regardless of the starting level. Also, the sinc function above dictates that transition 
probability is maximal when the perturbation frequency coincides with the transition 
frequency of the two-level system. This fundamental result is the basis for stimulated 
emission and the laser. The form of Pa→b also means that with time, the probability 
oscillates while its maximum narrows around ω0 in frequency space. 
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When the perturbation is unpolarized and incoherent, i.e. a sum of sinusoidal 
perturbations at different frequencies incident from all directions, integration over 
frequency space and over all directions changes transition probability to 
Pb→a (t) ~ {π │Π│2 ρ(ω0) t }/{3 ε0 ħ2} 
where Π is the matrix element of the dipole moment operator between the two states and 
ρ(ω) is energy density in frequency space. Since now transition probability is 
proportional to time, the transition rate is constant: 
Rb→a (t) = (d/dt) Pb→a (t) ~ {π │Π│2 ρ(ω0)}/{3 ε0 ħ2} 
The transition rates Ri that depopulate a particular state, determine the life-time τ of that 
state through τ =1/ΣRi. Evaluating the matrix elements of the position operator, <ψa│r│ 
ψb>, produces selection rules that determine which transitions are allowed. 
 
In fluorescence, the system is more complicated as it involves molecular orbitals rather 
than atomic levels, but the basic insights from the two-level system remain valid. The 
process responsible for fluorescence is illustrated by a Jablonksi diagram (Fig. 1). A 
photon is supplied by an external source (e.g. an arc lamp or a laser) and absorbed by the 
fluorophore (step A), creating an excited electronic singlet state (S2). This process 
distinguishes fluorescence from chemiluminescence, in which the excited state is 
populated by a chemical reaction.  
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Figure 1. Jablonski diagram. 
 
The fluorophore is in the excited state S2 for a finite time (typically 1–10 nsec). During 
this life-time, the fluorophore undergoes conformational changes and is also subject to a 
number of possible interactions with its molecular environment. The energy of S2 is 
partially dissipated, yielding a relaxed singlet excited state S1, from which fluorescence 
emission originates. However, not all the molecules initially excited by absorption (step 
A) return to the ground state S0 by fluorescence emission (step F). Other processes such 
as collisional quenching, Fluorescence Resonance Energy Transfer (FRET), blinking, and 
intersystem crossing may also depopulate S1. The fluorescence quantum yield (QY), 
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which is the ratio of the number of fluorescence photons emitted (step F) to the number 
of photons absorbed (step A), is a measure of the extent to which these processes occur.  
 
The fluorophore returns to the ground state S0 by emitting a photon. Its energy is lower 
than the energy of the absorbed photon, due to dissipation during the excited-state 
lifetime. Hence the emitted photon has lower frequency and longer wavelength than the 
excitation photon. This Stokes shift is fundamental to the sensitivity of fluorescence 
techniques because it allows emitted light to be detected against a low background, at a 
different wavelength than the excitation light. In contrast, absorption spectrophotometry 
requires measurement of transmitted light relative to the high intensity of incident light, 
all at the same wavelength.  
 
Unless the fluorophore is irreversibly destroyed (photobleaching), the same fluorophore 
can repeatedly cycle through the steps described above. The fact that a single fluorophore 
can generate many thousands of photons is fundamental to the high sensitivity of 
fluorescence detection techniques.  
 
For polyatomic molecules in solution, the discrete transitions from Figure 1 are replaced 
by broad energy spectra, called the fluorescence excitation spectrum and fluorescence 
emission spectrum, respectively (Fig. 2).  
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Figure 2. TRITC excitation and emission spectra. 
 
Generally, the fluorescence excitation spectrum of a single fluorophore species in dilute 
solution is identical to its absorption spectrum. Under the same conditions, the 
fluorescence emission spectrum is independent of the excitation wavelength (due to the 
partial dissipation between S2 and S1 in Fig. 1), while the emission intensity is 
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proportional to the amplitude of the fluorescence excitation spectrum at the excitation 
wavelength (Fig. 3).  
 
 
Figure 3. Emission intensity is proportional to the amplitude of the excitation spectrum 
at the excitation wavelength. 
 
The emission intensity is also dependent on the same parameters as absorbance — 
defined by the Beer–Lambert law as the product of the optical path length, molar 
extinction coefficient, and solute concentration — as well as on the quantum yield of the 
dye, the intensity of the excitation source, and the detection efficiency of the instrument. 
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In dilute solutions or suspensions, emission intensity is linearly proportional to these 
parameters. When sample absorbance exceeds ~ 0.05 in a 1cm path length, the 
relationship becomes nonlinear. 
 
Absorption and emission efficiencies are quantified in terms of the molar extinction 
coefficient ( ) for absorption and the quantum yield (QY) for fluorescence. Both are 
constants under specific environmental conditions. The value of  is specified at a single 
wavelength (usually the absorption maximum), whereas QY is a measure of the total 
photon emission over the entire fluorescence spectral profile. Fluorescence intensity per 
dye molecule is proportional to the product of  and QY. The range of these parameters 
among fluorophores of current practical importance is ~ 5,000 to 200,000 cm-1M-1 for , 
and 0.05 to 1.0 for QY. The molar extinction coefficient of chemical species, which are 
tagged with multiple fluorophores per molecule, is accordingly higher. 
 
Instead of relaxing from S1 to S0 (Fig. 1), a fluorophore can also go into a metastate (M). 
The metastate life-time is on the order of seconds, so the fluorophore seems to disappear 
in fast real-time measurements. Eventually, the fluorophore relaxes to the ground state, so 
the fluorescence cycle restarts, and the fluorophore is detected again. This behavior is 
called “blinking” (2). 
 
Under intense illumination, photobleaching becomes the limiting factor for fluorescence 
detectibility. The multiple photochemical reaction pathways responsible for 
photobleaching of fluorescein have been investigated and described in detail (3,4). Some 
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pathways include reactions between adjacent dye molecules, making the process 
considerably more complex in labeled biological specimens than in dilute solutions of 
free dye. In all cases, photobleaching originates from the triplet excited state, which is 
created from the singlet state (S1, Fig. 1) via intersystem crossing.  
 
The most effective remedy for photobleaching is to maximize detection sensitivity, which 
allows the excitation intensity to be reduced. Detection sensitivity is improved by use of 
CCD cameras, high-NA objectives, and high-quality emission bandpass filters. 
Alternatively, a more photostable fluorophore may be substituted in the experiment. Also, 
since oxygen is associated with photobleaching pathways, reducing agents and enzymatic 
oxygen-scavenging systems are often employed. Finally, certain molecules directly 
quench the triplet state and thus restore the dye to the ground state, so that the cycle 
restarts and photobleaching is avoided (3). 
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Chapter III 
 
Single Fluorophores Observed with 
Mercury Lamp Illumination 
 
 
SUMMARY 
 
It is demonstrated herein that it is possible to observe single fluorescent molecules using 
a standard fluorescence microscope with mercury lamp excitation and an inexpensive 
cooled CCD camera. The observed single molecules were tetramethylrhodamine, 
rhodamine 6G, fluorescein isothiocyanate, green fluorescent protein, 
carboxytetramethylrhodamine,  dATP-Lissamine, dATP-TexasRed, and dUTP-TMR. 
Immobilized molecules were observed both in air and in aqueous solution. Finally, in a 
two-color experiment, we imaged single TMR-tagged nucleotide incorporated into 
Lambda DNA counterstained with YOYO. 
 
 
INTRODUCTION 
 
In comparison to bulk measurements, single-molecule techniques have the following 
advantages:  (a) They offer individual dynamic information instead of averaged 
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population behavior; (b) They have the ability to be chemically coupled to species of 
interest and to track it without significantly altering its properties; (c) They allow 
miniaturization of sample preps, which leads to economy of materials and new single-
molecule arrays technology. In all resultant applications, the ability to extract the 
information (e.g. tracking of the tagged species, witnessing the chemical change, reading 
the array) is reduced to the ability to detect the single-molecule probes. Thus studying 
single fluorophores and improving their detection techniques is of critical importance to 
the success of all fluorescence-based single-molecule methods and applications. 
 
Single-molecule imaging and spectroscopy are beginning to make important 
contributions to biology. These techniques have been used to observe the stepping of 
motor molecules, such as kinesin (20) and myosin (9) at the single-molecule level, and 
also to make measurements correlating ATP hydrolysis and myosin force generation (8). 
Single-molecule experiments with the enzyme cholesterol oxidase have shown static and 
dynamic disorder in the turnover rates that are obscured in bulk studies (10). Similarly, 
single-molecule fluorescence resonance energy transfer experiments have revealed 
complex catalytic dynamics of staphylococcal nuclease (19) and co-localization of 
multiple ligands on a single receptor (15). Green fluorescent protein (GFP) has proven 
useful to study static and dynamic aspects of proteins within living cells because the GFP 
sequence can be expressed as a fusion with another intact protein, often with few 
functional changes (1,18). Single molecules of GFP have been observed in an aqueous 
enviroment (3), and the use of GFP-fusions for the study of biomolecule dynamics is 
promising.  
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Because of the extremely low light levels involved, most single-molecule experiments 
had used techniques such as total internal reflection microscopy (3,4), laser confocal 
illumination (13) and laser-induced fluorescent excitation (4,11). The complexity and 
cost of these instruments had limited the general use of single-molecule techniques, 
especially in biology. In the work described here, we showed that single fluorescent 
molecules can be observed with an inexpensive charge-coupled device (CCD) camera, a 
commercial epi-illumination microscope, fluorescence filter sets, and a mercury lamp. 
Since many laboratories have access to this equipment, the techniques herein were meant 
to make single-molecule imaging more widely accessible. 
 
 
RESULTS 
 
Figures 1a and 1b show ST-7I images (1sec acquisition) of TRITC deposited from 
ethanol solutions at 10 –11 M and 10 –12 M, respectively. The surface density of objects 
scales correctly with concentration, which is one of the criteria for successful single-
molecule detection. Figure 1c is the ethanol-only control.  
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Figure 1:  Single-molecule fluorescence. (a) TRITC adsorbed on a glass coverslip from 
5 mL 10 –11 M  in ethanol. (b) TRITC adsorbed from 5mL 10 –12 M. (c) Control (5mL pure 
ethanol). Field of view is 115x75µm; illumination intensity is 4.8x105 W/m2. In b, the S/N 
is 46, and the peak-pixel S/N is 54. The RMS noise is 5.9 counts per pixel. 
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Minor variations in surface density of objects occur between frames of the same sample, 
e.g. due to differences in the ways the droplet spreads out over the coverslip before 
evaporation. In this type of experiments, the expected and observed densities generally 
agree to within a factor of 2, which is sufficient to establish correct density change with 
concentration, as deposition concentrations are usually spaced by one order of magnitude. 
The observed objects produced signal only with the correct filter set, which is another 
criterion for successful single-fluorophore detection. In contrast, dust contamination 
would scatter light and thus appear fluorescent in both filter sets. 
 
The molecular fluorescence emission is quantized as molecules exhibit individual 
photobleaching, rather than a gradual decrease in fluorescence as in averaged bulk 
samples. Molecules also exhibit “blinking” behavior, as previously observed in single-
molecule spectroscopic studies (6,12,21) – before photobleaching, the molecule’s 
fluorescence flutters on and off. Figure 2 shows examples of this blinking and bleaching 
behavior, with sequences of cropped images and traces of the integrated spot 
fluorescence (data acquired with the Pentamax camera). This is yet another confirmation 
that the observed objects are single molecules, since clusters and scatterers would bleach 
slowly, continuously, and without blinking. 
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Figure 2: Blinking and bleaching of single molecules. Pentamax 0.1 sec cropped 
images are shown in time sequences over the traces of the integrated spot intensities. 
Data shows irreversible photobleaching (top row and solid line) and blinking (bottom 
row and dotted line). S/N is 37 and the peak-pixel S/N is 25. The RMS noise is 11.3 
photocounts per pixel, which corresponds to half the size of the dots indicating the data 
points. 
 
Single molecules of R6G in air were also observed, as well as FITC-labeled avidin and 
TRITC-labeled streptavidin molecules in aqueous solution. These fluorophores all have 
similar properties [bulk extinction coefficient ε ~ 80,000 M –1cm –1, quantum efficiency 
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(17) φ ~ 0.9 in ethanol or ~ 0.5 in water]. Images of TRITC in air gave S/N of 46 (total 
fluorophore signal divided by total noise) and peak-pixel S/N of 54. The strength of the 
signal suggested that even the far less expensive ST-7I would have the sensitivity to 
image single molecules of the various GFPs [wild-type (14) GFP ε ~7,000–15,000 M –
1cm –1, φ ~ 0.72–0.85; S65T mutant (7) GFP ε = 39,200, φ = 0.68].  
 
The hypothesis proved correct – it is possible to image single GFP with this system. 
Figure 3a shows a ST-7I 1 sec image of GFP nonspecifically adsorbed onto coverslips 
and observed in aqueous solution. Under similar conditions (2), His6-GFP was not found 
to form dimers. The presence of the large number of Raman scattering water molecules, 
etc., increases the background noise level, while the mercury lamp having no maximum 
at the GFP excitation wavelengths decreases the total signal. Still, single molecules were 
readily observed with S/N of 9 (peak-pixel S/N of 8). The surface density of objects 
scaled correctly with concentration. The spectral dependence was also correct – the same 
objects did not fluoresce with the TRITC filter set, as expected for single molecules of 
GFP. Successive images taken in the same spot (Figure 3a–c) showed that GFP objects 
also exhibited quantized photobleaching. Thus all evidence indicates that the observed 
objects were single GFP. 
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Figure 3: Quantized photobleaching of single GFP molecules. (a) GFP non-specifically 
adsorbed on a glass coverslip from 10mL 10 –8M  in TE buffer, imaged in TE buffer. (b, c) 
Same area after 2 and 4 sec additional exposure to excitation light. One-second 
integrations were taken with the ST-7I camera. Field of view is 30x20µm; illumination 
intensity is ~ 1.1x105W/m2. In a, the S/N is 9, and the peak-pixel S/N is 8. The RMS noise 
is 6.6 counts per pixel. 
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As an extension to single-GPF detection, we also looked for GFP resuscitation by UV 
light, as described in the literature (22). We observed no resuscitation, probably due to 
using a different GFP mutant. While a negative result, it interestingly indicated that the 
GFP resuscitation was mutant-specific. As a aside result, we observed that the UV 
excitation (max 405nm) made the immersion oil visibly more fluorescent with the blue 
filter set, which increased background for GFP detection.   
 
Single GFP observation was made possible by utilizing the full pixellation of the ST-7I 
camera. We binned initially to keep better S/N. Later, we appreciated that binning can 
make low-signal single fluorophores occupy a single virtual pixel, and thus be mistaken 
for cosmic rays or hot pixels. Observing the same sample without binning showed that 
previously-single-pixel objects now took up several pixels and thus proved to be single 
fluorophores. 
 
Experiments showed that GFP desorbed off the RCA glass but slowly enough to allow 
successful single-molecule detection experiments. Still, lowering the pH was used as a 
tool to improve GFP adsorption, since electrostatic attraction between positive residues 
and the negative RCA glass was believed responsible for it. Experiments showed GFP 
denatured at pH4, while no significant improvement in adsorption was observed.  
 
GFP tended to denature faster in lower concentrations, which curiously coincided with 
the same observation about streptavidin. A possible explanation would be mutual 
stabilization, or the presence of other stabilizing chemical species, whose concentration 
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drops in dilutions. Regardless, the practical tip was to dilute GFP only immediately 
before use and keep deposition times as short as possible. Experiments showed that 
30min produced enough deposition, while longer incubations increased denaturing and 
desorption, and thus did not produce higher effective surface densities of GFP. 
 
We also observed single-molecule Carboxytetramethylrhodamine, dATP-Lissamine, 
dATP-TexasRed, and dUTP-TMR on RCA glass. COTMR tended to cluster due to its 
hydrophobicity pushing it out of the water, while dATP-Lissamine exhibited a hopping 
behavior due to adsorption/desorption cycles. Strangely, under similar conditions, the last 
two did not hop like dATP-Lissamine, but remained attached to the surface. 
 
Finally, we combined the developed single-fluorophore imaging experience with 
molecular combing techniques to move towards single-molecule fluorescence studies of 
DNA. The seminal experiment involved incorporating a TMR-tagged nucleotide at the 
overhangs of Lambda DNA, purifying away the unincorporated nucleotide, 
counterstaining the DNA with YOYO, depositing the DNA non-specifically onto the 
RCA coverslip, and imaging in two colors using the same optical system described 
above. Since no additional techniques were involved, this experiment is not covered in 
Materials and Methods below. Figure 4 shows the results in false color, where 
purple/blue shows the same pictures in the YOYO set, and red/green the pictures in the 
TMR set. The Lambda DNA appears dark blue due to the strong signal from densely 
intercalated YOYO, while the TMR appears as red dots. The correspondence between the 
 30
ends of the Lambda DNA and the positions of tagged nucleotide proved that the 
incorporation proceeded as planned.  
 
This was a seminal experiment for our later single-molecule DNA studies, as it showed 
that our system could observe tagged nucleotides at the single-molecule level after they 
extended the DNA primer. This opened the door to considering single-molecule real-time 
enzymatic studies and single-molecule DNA sequencing-by-synthesis. 
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Figure 4. Fluorescence detection of a single tagged nucleotide incorporated at the 
overhangs of lambda DNA. The false color combines results from the two filter sets: 
YOYO in blue/purple and TMR in red/green. DNA appears dark blue due to high 
intensity from densely intercalated YOYO. The TMR-tagged nucleotides appear as red 
dots. The DNA was immobilized on a cleaned glass surface and imaged in buffer. 
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DISCUSSION 
 
The optical microscopy image of a single fluorophore is a 0.5 µm diameter disc due to 
the diffraction limit. Thus resolving single fluorophores requires spacing these image 
discs well beyond their diameter. In a randomly distributed sample, a 5 µm average 
intermolecular separation results in about ~1% chance of overlap as defined by 
Rayleigh’s criterion for resolution.  To achieve so sparse a deposition, it is necessary to 
use very low concentrations in solution – 10 –12 M gives a separation of 12.9 µm on 
average, assuming complete deposition. This means that common contaminants, which 
remain invisible in typical bulk preps (10 –6 M), can now dominate the controls 
completely. This issue was addressed with a set of reagent- and sample-handling 
techniques, as discussed in the materials-and-methods section below.  
 
The next requirement for single molecule detection is the use of an intense light source 
for illumination (a mercury lamp here) and a sensitive detector (a cooled CCD camera 
here). This comes from the minuscule absorption cross-section that a single molecule can 
span, which results in very little light reemitted towards the detector. A worked-out 
example follows. At 4.8x105 W/m2 illumination intensity, the photon flux is 1.3x1024 
photons/m2·sec. Rhodamine has 80,000 M –1cm –1 bulk molar absorptivity , which 
(including a geometric factor) converts to 4.0x10 –20 m2 molecular absorption cross-
section. Multiplying the photon flux by the cross section gives 52,000 absorptions per 
sec. At 0.9 quantum efficiency, 46,000 photons per sec will be emitted. A 1.4NA 
objective captures photons from a half-angle of 67.5º, corresponding to collection of 31% 
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of the total photons emitted, so 14,400 photons per sec should be collected by the 
objective and imaged onto the CCD. At this wavelength, the quantum efficiency of the 
CCD is 40%, so 5,800 photo-electrons per sec per fluorophore are produced. Hardware 
converts 2.3 photoelectrons into 1 count, so 2,500 counts are expected per sec per 
rhodamine molecule. The CCD registers 1,750– 2,750 counts per second per rhodamine 
molecule. At the same time, background (from light leakage, background fluorescence 
and electronic noise) constitutes 28 counts, with 5.9 counts RMS variation.  
 
Reducing the background noise is a crucial element in the protocol. Advances in the 
quality of dielectric filters over the past few years have allowed the use of off-the-shelf 
commercial filter sets (Chroma Laboratories). In spite of using a broad-band excitation 
source, these filters reduce the leakage of light so that the background shot noise is well 
below the signal level of a single fluorescent molecule. It is also well known that glass 
coverslips contribute to background fluorescence, which prompts some researchers to use 
quartz. We found that the intrinsic fluorescence of well-cleaned glass coverslips is low 
enough to allow successful single-molecule detection in the presented cases.  
 
Another serious source of noise is the fluorescence of particulate contaminants. Small 
particles of dust and micro-droplets of oil fluoresce brightly at about the same level as 
single molecules. This source of noise can be eliminated by careful cleaning of the 
coverslips with detergent and either chromic acid (Chromerge) or a bath of hydrogen 
peroxide and base (RCA solution). Storing the cleaned coverslips in high-purity filtered 
water ensures that they remain clean. However, opening and closing the container to 
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extract samples exposes the contents to atmospheric air, which carries dust into the water 
and then onto the glass, and thus limits the lifetime of cleaned coverslips to about two 
months in a standard lab environment. 
 
Single fluorophores may be distinguished from particulate contamination by several 
criteria: spectral dependence, concentration dependence, quantized emission and 
blinking. Particulate contaminants appear to fluoresce in a broad spectrum and therefore 
are visible in multiple filter sets. Single fluorophores are only visible in the appropriate 
filter set. Particulate contaminants generally bleach gradually from exposure to exposure; 
single fluorophores generally bleach in one step.  
 
While both cameras gave similar quality pictures, the Pentamax has important 
advantages. The ST-7I can take images with exposure times as short as 0.1 sec, but there 
is a delay of 15 sec as each image is downloaded to the computer. This delay may be 
reduced to 2 sec by 3x 3 binning the image (at the expense of image resolution), but in 
either case the ST-7I is really useful only for taking “snapshot” images or for studying 
slowly varying behavior. The Pentamax can take 15 images per second continuously and 
is thus suitable for studying phenomena that vary more rapidly in time. Also, at higher 
gains, the Pentamax exceeds the ST-7I in detection sensitivity. These advantages are 
reflected in the higher cost of the Pentamax.  
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CONCLUSIONS 
 
We demonstrated that it is possible to image single fluorophores with a commercial 
fluorescence microscope, a mercury lamp, and an inexpensive CCD camera. Single 
molecules of fluorescent dyes, fluorescent conjugates and GFP were imaged in air and 
aqueous solution. Given the demonstrated power of fluorescent conjugates and GFP 
fusion proteins to shed light on the distribution and dynamics of molecules and 
biomolecules, we expect that the ability to perform single-molecule studies using simple, 
commercially available equipment would prove useful in many laboratories. 
 
 
MATERIALS AND METHODS 
 
To prevent or remove dust and/or fluorescence contamination, all reagents were 
resuspended using water from EasyPure, where a deionized water feed is passed through 
purification columns and a 0.02 µm filter. In addition, all non-protein solutions were 
usually passed through a 0.22 µm filter to remove particulates. Heavy use was made of 
commercially available pre-cleaned disposable vessels (e.g. centrifuge tubes of 0.65 µL, 
1.7 µL, 15 mL, 50 mL) that proved sufficiently dust-free for single-fluorophore 
experiments. Glassware was designated for use only by this project and kept away from 
general lab circulation. Glassware was cleaned by sonication in a surfactant solution (2% 
Micro-90), while RCA cleaning was also done wherever possible. 
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Organic solvents, e.g. ethanol and acetone, could not be filtered or locally distilled, so 
sufficiently clean batches were found by trial-and-error. Acetone Reaction Grade, 
Acetone Omnisolv, and Ethanol Omnisolv proved too dusty, while spectroscopic-grade 
ethanol was clean enough in one out of three batches on average.   
 
Sample handling was done with steel tweezers that were designated for single-molecule 
use only, to prevent cross-contamination. It was observed that once a particular tool, e.g. 
spatula or tweezers, had been used with high-fluorophore concentrations (>1 mM), the 
tool would always shed contaminant of the same type, even after being thoroughly 
washed, due to gradual desorption of fluorophores. 
 
Glass coverslips #1 were cleaned by two different methods. For the “Chromerge” 
method, coverslips were sonicated in a surfactant solution (2% Micro-90; Cole-Parmer, 
Vernon Hills, IL, USA) for 20 min, washed for 3 min in a stream of deionized water, 
rinsed thoroughly with high-purity water, then immersed for 1h in a H2SO4/CrO3 
cleaning solution (Chromerge; VWR Scientific, West Chester, PA, USA). In the “RCA” 
method, coverslips and slides were sonicated in a surfactant solution (2% Micro-90) for 
20 min, washed for 3min in a stream of deionized water, rinsed thoroughly with high-
purity water, then immersed in boiling RCA solution (6:4:1 high-purity H2O, 30% 
NH4OH, 30% H2O2) for 1 h. Both types of coverslips were rinsed and stored in high-
purity water to avoid particulate contamination. High-purity water was 18.3 MΩ-cm and 
0.2µm filtered. Immediately before use, coverslips were blown dry with filtered nitrogen 
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(MMCFA02 filter: 0.01 µm filtered, oil removed to 1 part per trillion of line input; 
Airmaze, Stow, OH, USA).  
 
Optimal fluorophore deposition concentrations were established using concentration steps 
of 3x. While a theoretical calculation gives a good lower bound to the necessary 
concentration (~10 –12 M), it assumes complete deposition without desorption, which is 
generally not the case in aqueous systems.  
 
A useful technique in determining if the signal came from the surface or the volume in 
bulk measurements was to bleach a particular frame completely and then check for 
revival of the signal. If bleaching did not affect the signal significantly, then most of the 
flurophore was in the solution, as fluid flow and diffusion would continuously replenish 
the bleached region with fresh fluorophores. If the area bleached completely but then the 
signal came back, most of the fluorophore was on the surface, but adsorption/desorption 
was significant. If the frame bleached completely and the signal never came back, then 
the fluorophore was all on the surface and no adsorption/desorption was in progress. Such 
questions were common when dealing with non-specific surface chemistries, so this 
interrogation technique is widely applicable. 
 
Single molecules of tetramethylrhodamine isothiocyanate (TRITC) and rhodamine 6G 
(R6G) were imaged in air on the surface of glass coverslips cleaned with the Chromerge 
or the RCA method. The fluorophores were deposited on the coverslip by evaporation of 
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typically 5 µL of 10 –12 M in spectroscopic grade ethanol, yielding surface density of ~ 1 
molecule per 5x5 µm.  
 
Single molecules of streptavidin-tetramethylrhodamine conjugate (SA-TRITC; Pierce 
Chemical, Rockford, IL, USA) were imaged in aqueous solution while nonspecifically 
adsorbed to the surface of a Chromerge-cleaned coverslip. Ten microliters of 10 –11 M 
SA-TRITC in phosphate-buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 4.3 
mM Na2HPO4•7H2O, 1.4 mM KH2PO4, pH 7.2) were placed between a cleaned glass 
coverslip and a glass slide.  
 
Single molecules of avidin-fluorescein-isothiocyanate conjugate (A-FITC; Sigma, St. 
Louis, MO, USA) were imaged in aqueous solution while nonspecifically adsorbed to the 
surface of a Chromerge-cleaned coverslip. Ten microliters of 10 –11 M A-FITC in sodium 
bicarbonate buffer (0.1 M, pH 8.9) were placed between a cleaned glass coverslip and a 
glass slide.  
 
Single-molecule Carboxytetramethylrhodamine and dATP-Lissamine (dATP nucleotide 
analog tagged with fluorescent dye) were observed by similar methods in wet preps – 
COTMR in high-purity water and dATP-Lis in Tris (10 mM, NaCl 10 mM, pH 8). We 
also observed single-molecule dATP-TexasRed and dUTP-TMR in wet prep deposited 
from 20 µL of 3.3x10 –8 M over the whole slip. 
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GFP 37 (5,16), a Green Fluorescent Protein mutant containing the S65T, V163A, I167T 
and S175G mutations, was studied. The S65T mutation increases the brightness and shifts 
the absorbance peak from 397 to 488 nm; the emission peak (at 509 nm) remains close to 
that of the wild type (504 nm). The additional three mutations allow for more efficient 
GFP expression at 37ºC. A histidine-tagged GFP, His6-GFP 37, was constructed. The 
pGFP37 vector (5) used by Grabner et al. was digested with PstI and HindIII and was 
ligated into pQE32 (Qiagen, Valencia CA, USA), which contains the His6 sequence, at 
corresponding restriction sites. As a result, 28 N-terminal residues, including His6, were 
added upstream of the GFP start codon, and 3 additional C-terminal residues were added 
downstream of the GFP stop codon. SG13009 [pREP4] cells (Qiagen) carrying the GFP 
expression vector were grown in 25 mL medium (LB broth containing 100µg/mL 
ampicillin and 25 µg/mL kanamycin) in a 37ºC shaker overnight. Of this culture, 10 mL 
were then inoculated into 500 mL medium and grown at 37ºC until it reached OD0.6 
(600 nm), then placed in isopropyl-β-D-thiogalactoside (IPTG) (1 mM) for 4 h. The cells 
were harvested by centrifugation, stored at –20ºC, lysed (50 mM sodium phosphate, pH 
8.0, 300 mM NaCl, 10 mM imidazole, 4 mL/g) and digested with lysozyme (1 mg/mL) 
for 30 min on ice. RNase A (10 µg/mL) and DNase I (5 µg/mL) were then added, 
followed by incubation on ice for 15 min and centrifugation (10,000x g for 30 min). The 
supernatant was mixed with 50% Ni-NTA agarose slurry (4 mL of sample per 1 mL of 
agarose slurry) at 4ºC for 1 h and then was loaded into a column. The mixture was 
washed (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 20 mM imidazole, 10 mL per 
1 mL agarose slurry) and eluted with 2 mL of 50 mM sodium phosphate, pH 8.0, 300 
mM NaCl, 250 mM imidazole. The concentration of eluted GFP was determined by 
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bicinchoninic acid reagents (Pierce Chemical), and the GFP was mixed with an equal 
volume of glycerol and stored at –20ºC. The resulting solution was diluted to 10 –8 M with 
TE buffer (10 mM Tris-HCl, 1 mM EDTA, 10 mM NaCl, pH 8.0) for imaging.  
 
Single molecules of His6-GFP 37 were imaged in aqueous solution on the surface of an 
RCA-cleaned glass coverslip. Ten microliters of GFP solution were incubated on the 
coverslip for 30 min. The coverslip was then washed thoroughly with TE buffer and 
mounted on a cleaned glass slide. Excess buffer volume between the coverslip and slide 
was pressed out and pushed off the slide with a stream of dry nitrogen.  
 
The optical setup contained an inverted IX50 microscope (Olympus America, Melville, 
NY, USA) with a 100 W mercury lamp (HBO 103 W/2 Osram), and fluorescence filter 
sets [D470/40, 500DCLP, D535/50] (for GFP and A-FITC) and [D540/25, 565 DCLP, 
D605/55] (for TMR and SA-TRITC), both from Chroma Technology, Brattleboro, VT, 
USA.  
 
Oil-immersion objectives UplanApo 100X NA 1.35 and PlanApo 60X NA 1.4 (both from 
Olympus America) were used with DF oil from Cargille Laboratories, Cedar Grove, NJ, 
USA. At the time of this work, DF oil was chosen over FF oil from the same company 
since DF refractive index matched the one of glass more closely. Later experiments 
showed DF was ~15% more fluorescent than FF, which motivated a switch-over to FF. 
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With its short working distance (<200µm), the 60x NA 1.4 objective could not focus 
through #2 coverslips, while #0 coverlsips proved too fragile for reliable handling. Thus 
#1 coverslips were selected as the standard for all experiments.  
 
The illumination intensity at the sample through the 60x objective was ~ 4.8x105 W/m2 
and ~ 1.1x105 W/m2 with the blue and green filter sets, respectively.  
 
Single-molecule samples cannot be placed in focus by the traditional method of direct 
observation feedback because single molecules produce too low signal to be seen by eye. 
Iterative CCD imaging and focus adjustment are also not a good option, because the 
dynamic range to cover is much wider than the interval wherein single-molecules can be 
recognized as such, while single-molecule samples also bleach very fast.  
 
To solve this problem, we developed a special focusing technique. The coverslip was 
gently scratched with a clean glasscutter before the sample deposition. Rough focusing 
was done under non-fluorescence overhead illumination using features of the scratch 
marks. This brought the focus within a few microns of the ideal. Then a fluorescence 
image was taken, in which the fluorophores generally appeared as defocused blobs. A 
few more pictures and small focus adjustments were generally enough to establish perfect 
focus. Then, the stage was translated by a few frame-lengths without illumination. This 
ensured that the next series of pictures would be in perfect focus and of unbleached parts 
of the sample. This technique worked excellently.   
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Variations of the same technique are available in case scratching the substrate is 
undesirable, e.g. due to surface chemistry. Microbeads that are sufficiently dense to sink 
down to the surface, can be detected with the non-fluorescence overhead illumination and 
provide the same rough focus as the scratch. Fluorescent beads can be used for the same 
purpose and detected through fluorescence, so long as their excitation is lower in energy 
than the targeted single molecules (e.g. NileRed beads for GFP), so that undesirable 
bleaching is avoided. 
 
Two CCD cameras were tested; the Model ST-7I (Santa Barbara Instrument Group, Santa 
Barbara, CA, USA) is a $3000 cooled CCD camera, while the Pentamax (Roper 
Scientific, Trenton, NJ, USA) is a $30,000 image-intensified camera that was used for 
time-resolved images. Both cameras have sufficient sensitivity to image single TRITC in 
0.1sec. The intensification feature of the ICCD’s makes them susceptible to permanent 
damage if any saturation should occur. To prevent this, we initially used very low gains. 
However, at gain 20, the ICCD produced half the signal per molecule from the same 
sample, than the ST-7I did. Thus we increased the gain accordingly, and in later 
extensions of this work, we would normally use gains 55-60. 
 
Signal-to-noise ratios (S/N) were computed using two different definitions. The first 
(following the point source flux convention in astronomy) is the total signal of a 
fluorophore divided by the total noise in the same area. The second definition (peak-pixel 
S/N) is the peak per-pixel signal of the fluorophore divided by the root-mean-square 
(RMS) variation in background. To measure the S/N ratio with the astronomy 
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convention, image processing software was used to determine the average intensity per 
pixel of a box of pixels around fluorescent spots. Average background per pixel and RMS 
variation were determined using 5x5 boxes on background areas within the vignetted 
area. Using an nxn box of pixels, the total signal of the fluorophore is n2 x(average – 
background). The total noise is added in quadrature and therefore totals (√n2) x(RMS 
variance) = n x (RMS variance). The box size was 5x5 for the TRITC images and 3x3 for 
the GFP images. All values quoted are the average of 10 or more boxes. 
 
 
ACKNOWLEDGEMENTS 
 
This chapter is based on (23) and further details from the related research. The S65T, 
V163A, I167T, S175G GFP mutant was kindly provided by Dr. Kurt Beam, Department 
of Anatomy and Neurobiology, Colorado State University, Fort Collins, CO, USA. This 
work was partially supported by the National Institutes of Health Grant Nos. NS-11756 
and DA-9121. 
 
 
REFERENCES 
 
1. Conn P. M. 1999. Methods in Enzymology, Vol. 302. Green Fluorescent Protein. 
Academic Press, New York. 
 44
2. De Angelis D. A., G. Miesenböck, B. V. Zemelman and J. E. Rothman. 1998. 
PRIM: Proximity Imaging of Green Fluorescent Protein- Tagged Polypeptides. Proc. 
Natl. Acad. Sci. USA 95:12312-12316. 
3. Dickson, R., D. Norris, Y. Tzeng and W. Moerner. 1996. Three-Dimensional 
Imaging of Single Molecules Solvated in Pores of Poly(Acrylamide) Gels. Science 
274:966-968. 
4. Funatsu T., Y. Harada, M. Tokunaga, K. Saito and T. Yanagida.1995. Imaging of 
Single Fluorescent Molecules and Individual ATP Turnovers by Single Myosin 
Molecules in Aqueous Solution. Nature 374:555-559. 
5. Grabner M., R. T. Dirksen and K.G. Beam. 1998. Tagging with Green Fluorescent 
Protein Reveals a Distinct Subcellular Distribution of Ltype and non-L-type Ca2+ 
Channels Expressed in Dysgenic Myotubes. Proc. Natl. Acad. Sci. USA 95:1903-
1908. 
6. Ha T., T. Enderle, D. Chemla, P. Selvin and S. Weiss. 1996. Single-Molecule 
Dynamics Studied by Polarization Modulation. Phys. Rev. Lett. 77:3979-3982. 
7. Heim R., Cubitt, A.B. and R.Y. Tsien.1995. Improved green fluorescence. Nature 
373: 663-664. 
8. Ishijima A., H. Kojima, T. Funatsu, M. Tokunaga, H. Higuchi, H. Tanaka and T. 
Yanagida. 1998. Simultaneous Observation of Individual ATPase and Mechanical 
Events by a Single Myosin Molecule During Interaction with Actin. Cell 92:161-171. 
9. Iwane A.H., T. Funatsu, Y. Harada, M. Tokunaga, O. Ohara, S. Morimoto and 
T. Yanagida. 1997. Single-Molecular Assay of Individual ATP Turnover by a 
Myosin-GFP Fusion Protein Expressed in Vitro. FEBS Lett. 407:235-238. 
 45
10. Lu H. P., L. Y. Xun and X. S. Xie. 1998. Single-Molecule Enzymatic Dynamics. 
Science 282:1877-1882. 
11. Macklin J., J. Trautman, T. Harris and L. Brus. 1996. Imaging and Time-
Resolved Spectroscopy of Single Molecules at an Interface. Science 272:255-258. 
12. Moerner W. 1997. Polymer Luminescence—Those Blinking Single Molecules. 
Science 277: 1059-1060. 
13. Nie S., D. Chiu and R. Zare. 1994. Probing Individual Molecules with Confocal 
Fluorescence Microscopy. Science 266:1018-1021. 
14. Ormo M., A. B. Cubitt, K. Kallio, L. A. Gross, R. Y. Tsien and S. J. Remington. 
1995. Crystal Structure of the Aequorea Victoria Green Fluorescent Protein. Trends 
Biochem. Sci. 20:448-455. 
15. Schutz G. J., W. Trabesinger and T. Schmidt. 1998. Direct Observation of Ligand 
Colocalization on Individual Receptor Molecules. Biophys. J. 74:2223-2226. 
16. Siemering K. R., R. Golbik, R. Sever and J. Haseloff. 1996. Mutations That 
Suppress the Thermosensitivity of Green Fluorescent Protein. Curr. Biol. 6:1653-
1663. 
17. Soper S. A., H. L. Nutter, R. A. Keller, L. M. Davis and E. B. Shera.1993. The 
Photophysical Constants of Several Fluorescent Dyes Pertaining to Ultrasensitive 
Fluorescence Spectroscopy. Photochem. Photobiol. 57:972-977. 
18. Sullivan K. F. and S. A. Kay. 1998, Green Fluorescent Proteins. Academic Press, 
New York. 
19. Ting A. Y., T. J. Ha, J. Liang, W. B. Caldwell, A. A. Deniz, D. S. Chemla, P. G. 
Schultz and S. Weiss. 1999. Single-Molecule Fluorescence Spectroscopy of Enzyme 
 46
Conformational Dynamics and Cleavage Mechanism. Proc. Natl. Acad. Sci. USA 
96:893-898. 
20. Vale R. D., T. Funatsu, D. W. Pierce, L. Romberg, Y. Harada and T. Yanagida. 
1996. Direct Observation of Single Kinesin Molecules Moving Along Microtubules. 
Nature 380:451-453. 
21. Xie X. and R. Dunn. 1994. Probing Singlemolecule Dynamics. Science 265:361-364. 
22. Dickson R. M., Cubitt A. B., Tsien R. Y., et al.  1997. On/off Blinking and 
Switching Behavior of Single Molecules of Green Fluorescent Protein. Nature 388 
(6640): 355-358. 
23. M. Unger, E. Kartalov, C.-S. Chiu, H. A. Lester and S. R. Quake. 1999. Single-
Molecule Fluorescence Observed with Mercury Lamp Illumination. BioTechniques 
27: 1008-1014. 
 
 
 
 
 
 
 
 
 
 47
Chapter IV 
 
Single-Molecule Measurements Calibrate Green Fluorescent 
Protein Surface Densities on Transparent Beads for Use with 
‘Knock-In’ Animals and Other Expression Systems 
 
 
SUMMARY 
 
Quantitative aspects of synaptic transmission can be studied by inserting green 
fluorescent protein (GFP) moieties into the genes encoding membrane proteins. To 
provide calibrations for measurements on synapses expressing such proteins, we 
developed methods to quantify histidine-tagged GFP molecules (His6-GFP) bound to Ni-
NTA moieties on transparent beads (80 - 120µm diameter) over a density range of nearly 
four orders of magnitude (to 30,000 GFP/µm2). The procedures employ commonly 
available Hg lamps, fluorescent microscopes, and CCD cameras. Two independent routes 
were pursued: 1) single-molecule fluorescence measurements were made at the lowest 
GFP densities, providing an absolute calibration for bulk signals at higher GFP densities; 
2) known numbers of His6-GFP molecules were coupled quantitatively to the beads. Each 
of the two independent routes provided linear data over the measured density range, and 
the two independent methods agreed with root-mean-square (rms) deviation of 11–21% 
over this range. These results were obtained on two separate microscope systems. The 
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data can be corrected for bleaching rates, which were linear with light intensity and 
became appreciable above 1 W/cm2. The work suggests that if a suitable GFP-tagged 
protein can be chosen and incorporated into a ‘knock-in’ animal, the density of the 
protein can be measured in-situ, optically, and non-destructively, with an absolute 
accuracy of ~ 20%. 
 
 
INTRODUCTION 
 
Several problems in synaptic transmission call for knowledge about the absolute surface 
density of receptors, channels, and transporters (1,11,16). In one potential route to such 
measurements, the gene for the membrane protein is replaced by a construct containing 
the protein fused to green fluorescent protein (GFP). If the GFP is maintained in a 
monomeric state and otherwise prevented from interacting with other chromophores, the 
fluorescence properties are independent of ionic strength, polarity of the solution, and 
other conditions that might be encountered in living cells (12,20,23). Furthermore, the 
resolution of the fluorescence microscope (better than 0.5 µm) compares well to the size 
of individual synapses and to the distance neurotransmitter molecules diffuse during the 
time of chemical synaptic transmission (3 µm in 10 msec).  
 
Such ‘knock-in’ animals will yield useful data if there are methods for absolute 
quantification of the fluorescence protein density. For this purpose, we coupled GFP to 
the surface of transparent beads large enough (90 µm average diameter) to present a 
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functionally flat surface on the micron scale. Such calibrated beads can be introduced into 
microscopic preparations as internal standards. While several commercial sources offer 
fluorescent beads of precise diameters and the Molecular Probes FocalCheck 
microspheres have dye on the surface only, their dye densities are neither controlled nor 
specified, and so, they are unsuitable for the application in mind.  
 
This study addresses the challenge of calibrating GFP-coated beads. It is dangerous to 
rely solely on the bulk method of coupling known masses of GFP to the beads. Such 
measurements could be distorted if an appreciable fraction of the coupled molecules do 
not fluoresce, e.g. due to changes during purification or interactions with the bead 
surface. The most rigorous method for calibration employs the single-GFP detection 
techniques discussed in the previous chapter (24). Although it is unlikely that densities 
this low would be generally interesting, the linearity of CCD detectors and the use of 
proper neutral-density filters allow one to extrapolate the results to much higher surface 
densities.  
 
The presented work compares this single-molecule method to the bulk method, which 
was optimized by amino-acid analyses to measure the number of GFP molecules most 
accurately. Both excellent linearity and excellent agreement between these two methods 
was shown. The method provides known GFP densities over nearly four orders of 
magnitude that span expected membrane densities of channels, receptors, and 
transporters. Thus, this method is a simple and versatile tool for absolute quantification of 
GFP densities. Finally, the presented method is clearly extendable to other fluorophores 
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in other applications, and constitutes a proof of principle for all such calibrations based 
on single-fluorophore detection. 
 
 
MATERIALS AND METHODS 
 
His6-GFP/Ni-NTA beads preparation 
 
We employed GFP37, a GFP mutant containing the S65T, V163A, I167T, and S175G 
mutations (7,22). The S65T mutation increases the brightness and shifts the absorbance 
peak from 397 nm to 488 nm; the emission peak (509 nm) remains close to that of the 
wild type (504 nm). The additional three mutations allow for more efficient GFP 
expression at 37°C. 
 
The procedures for preparing histidine-tagged GFP (His6-GFP), for cleaning coverslips 
and slides, and for minimizing background fluorescence were described in the previous 
chapter (24). The beads (Qiagen, Cat #30210) had been surface-derivatized with Ni-NTA 
at ~ 4x106 sites/µm2 during manufacture. The beads’ diameter and surface area were 87.6 
± 26.87 µm (range 45 - 160 µm) and 26,370 ± 16,300 µm2. 
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Amino acid analysis 
 
Amino-acid analysis was performed to determine the absolute quantity of GFP in stock 
solutions. Aliquots of His6-GFP stock solutions were placed in pyrolyzed hydrolysis 
tubes and precipitated with 80% ethanol overnight at –80°C, and washed with 80% 
ethanol. Hydrolysis was carried out in a vacuum chamber with vaporized 6N HCl/1% β-
mercaptoethanol at 110°C for 24 h. Subsequent free amino acid mixtures were dried in a 
speed-vac to eliminate any residual acid and resuspended to ~ 3 µg/100µl in Na-S buffer 
(Beckman, Palo Alto, CA). Analysis was performed with a Beckman amino acid analyzer 
model 6300, where ion-exchange chromatography with a Na buffer system was used for 
separation. A control protein (β-lactoglobulin A from bovine milk, Sigma L-7880) was 
included in each sample batch and gave concentration results with 6–9% average error. 
Corrections were applied for conversion of Gln and Asn into Glu and Asp, respectively. 
Data for Cys, Trp, and Met were ignored because of possible underestimation. 
 
The GFP concentration was 1.55 ± 0.04 mg/ml (mean ± S.D., n=3). The MW for His6-
GFP is 30,474, so that the concentration is 51.0 µM=3.07x1016 GFP/ml. The GFP stock 
solution is stored in 25 mM Tris–Cl, pH8.0; 150mM NaCl; 125mM imidazole and 50% 
glycerol. For comparison with more readily performed protein analyses, we determined 
that the GFP protein concentrations determined with the Bradford method (Coomassie 
Plus reagent, Pierce) should be multiplied by 0.764 to yield the more accurate 
concentration determined from amino-acid analyses. 
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Beads 
 
Numerous experiments tested several makes of silica and agarose beads to identify the 
best substrate. The winner had very low background fluorescence, good mechanical 
properties, appropriate size for near-flat imaging, and high quality of the stock samples. 
    
 
GFP dilutions 
 
A total of 18 dilutions of GFP from the stock solution were made at one, two, five, ten 
intervals spanning the range from 5x10–3 to 1x10–8 in 1 ml in 1.5 ml Eppendorf tubes. 
The dilution solution contained 300 mM NaCl, 50 mM Tris–HCl, pH 8.0, 1.5 mg/ml 
BSA. The Ni-NTA agarose beads, 30µl of 50% slurry from the commercial stock, were 
added to each tube. The GFP solutions were mixed with the beads overnight in 4°C. The 
density of GFP on the Ni-NTA beads was calculated from the dilution factors, the 
average bead surface area, and the number of beads in each tube (determined by counting 
duplicate 5 µl samples from each tube in a hemacytometer; mean ± S.D. was 34,560 ± 
3,200, n=30). The total surface area on the beads in each tube was ~9 cm2. The highest 
expected surface density of GFP, produced by incubating the beads with 10 –7 M His6-
GFP, is 60,000–70,000 GFP/µm2 (or 37.8 - 40.8 Å, between GFP molecules). This is 
~1.5% of the full capacity of the beads, indicating that no correction need be applied for 
saturation of the Ni-NTA sites. Between 5x10 –12 and 10 –7 M are used for macroscopic 
measurements, and lower concentrations are appropriate for single-GFP imaging. 
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Microscopes 
 
An Olympus IX50 inverted microscope was equipped with a manually shuttered 100W 
Hg lamp (HBO 103W/2, Osram), a custom filter set (peak / band at half-max) (D470/40, 
500DCLP, D535/50, Chroma), a PlanApo 60X 1.4 NA oil immersion objective 
(Olympus), and a CCD camera ST-7I (Santa Barbara Instrument Group) with 765x510 
pixels (9x9 µm each). The field stop was set at 4,385 µm2. Thorlabs S20MM meter set at 
490 nm measured optical power through the objective to be 22.8 ± 0.1, 4.33 ± 0.07, 1.32 
± 0.02, and 0.16 W/cm2, with no filter and OD0.7, OD1.0, OD2.0 neutral-density filters, 
respectively.  
 
The second microscope, an inverted Nikon Eclipse TE300, was equipped with a 100 W 
Hg lamp (HBO 103W/2, Osram), a filter set (493/17 nm, Cat #86006, and 530/40 nm), a 
Nikon PlanApo 60X 1.4 NA oil immersion objective, and a CCD camera Hamamatsu 
ORCA II (model C4742-98) with 1,280x1,024 pixels (6.7x6.7 µm each). The field stop 
was set at 4,861 µm2. The measured optical powers for no filter and OD0.9 neutral-
density filter were 9.8 ± 0.1 and 1.28 ± 0.02 W/cm2, respectively.  
 
For both microscopes, we measured the absorption spectra of the (nominal) neutral-
density filters to determine the actual absorbance A at 470–490 nm. In the calibrations of 
Figs. 2 and 3, the measured counts/µm2 were multiplied by 10A and then corrected for 
bleaching as described in Section 3, to give the bulk counts/µm2. 
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Bulk measurements 
 
The beads with bound His6-GFP were imaged on a glass cover slip. Single images were 
acquired for each of ten beads at each dilution. We measured beads, whose diameters (80 
- 120µm) lay within –10% and +30% of the average. For the Olympus microscope, the 
lamp shutter was opened manually for 3.5 sec and the image was acquired for 1sec during 
this interval. For the Nikon microscope, an electrically operated lamp shutter opened only 
during the 1sec image acquisition. Counts/pixel were averaged over a 150x150 pixel area 
that was flattened against the cover slip by placing an additional cover slip on top of the 
beads (equivalent results were obtained in some experiments with a 31x31 pixel area). 
The measured area corresponds to a 22.5 and 16.8 µm sq for the Olympus and Nikon, 
respectively. Analysis employed CCDOPS 1.04 (Santa Barbara Instrument Group) for the 
Olympus, and Metamorph 4.1 (Universal Imaging) for the Nikon. The fluorescence 
intensity of the GFP dilutions was stable for 1 week at 4°C. After 25 days, the beads 
exposed to 5x10 –9 M (3,960 GFP/µm2) gave no detectable loss of fluorescence intensity; 
those exposed to 5x10 –10 M (341 GFP/µm2) displayed a reduction of 16%. 
 
 
Single GFP calibration procedures 
 
Single GFP measurements were taken from the beads incubated with the most dilute GFP 
samples. CCDOPS 4.03 or Metamorph 4.1 summed the counts from a 5x5 pixel area 
centered on a fluorescent spot. The background was measured similarly at neighboring 
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pixels and was subtracted. The S/N was determined as described previously (24). About 
200 single-GFP images were collected and a Gaussian was fitted to the histogram of 
fluorescence counts. These single-GFP counts provided the calibrations for the 
macroscopic measurements at the higher surface densities that were produced by 
incubating the beads with more concentrated GFP solutions. 
 
 
pH sensitivity 
 
For pH 7.5–9.0, buffers were prepared using 50 mM Tris–Cl plus 300 mM NaCl and 1.5 
mg/ml BSA. For pH 5.5–7.0, buffers were prepared using 50 mM NaH2PO4 versus 
NaOH plus 300 mM NaCl and 1.5 mg/ml BSA. The experiments employed a stock 
solution, 10 ml, containing 300 µl GFP-beads at 5x10 –9 M (3,960 GFP/µm2). Aliquots 
(0.5ml) were placed in 1.5 ml Eppendorf tubes and were adjusted to the desired pH by 
washing 2 times (centrifuged at ~300xg, 1 min) with the buffers at various pH values. 
The beads were then resuspended with the appropriate buffer and were stored at 4°C for 2 
to 6 h until the imaging session. 
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RESULTS 
 
Single-molecule GFP Images 
 
Figure 1 shows images of single His6-GFP molecules. The fluorescent spots were present 
only when the GFP-specific filters were used, increased in density roughly in proportion 
to the increasing expected density, and were absent from control beads where GFP was 
withheld. One-step bleaching and occasional blinking were also observed (24). All these 
points support our interpretation that the observed fluorescent spots on the beads were 
single-GFP molecules.  
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Figure 1. Single His6-GFP molecules imaged with the Nikon microscope. All panels are 
150x150 pixels (16.75x16.75 µm). A) Blank (control) beads do not have the typical ‘GFP 
points’. B–F) Beads imaged after incubation with 10―12, 2.5x10―12, 5x10―12, 10―11, and 
2.5x10―11 M, respectively. Arrowheads point to the 38 objects in B accepted as arising 
from GFP molecules. 
 
Two imaging systems were used for both the single-molecule and bulk measurements. 
For the Olympus IX50 microscope, the distribution of objects was fitted to a single 
Gaussian with a peak at 376.4 ± 2.6 counts/sec (Fig. 2A), which also corresponds to the 
average fluorescence. The rms was 10.0 ± 1.0 and the S/N was 9.3 — in the same range 
as previous results (24). For the Nikon TE300 microscope, the peak (average) object 
fluorescence was 174.77 ± 3.41 counts/sec (Fig. 2B). The rms was 3.62 ± 0.42 and the 
S/N was 9.6.  
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Figures 2A. Beads were imaged with 22.8 W/cm2 illumination intensity at the Olympus 
setup. The histogram of single-GFP fluorescence intensity was fitted with a Gaussian. 
The average was 376.4 ± 2.6 counts/sec (n=178).  
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Figures 2B. Beads were imaged with 9.8 W/cm2 illumination intensity at the Nikon setup. 
The histogram of single-GFP fluorescence intensity was fitted with a Gaussian. The 
average was 174.8 ± 3.4 counts/sec (n=239). 
 
To estimate the total photon emission rate from a single GFP, the detection efficiency of 
the Olympus microscope was estimated:  
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ηtotal = ηNA*Tobj*Tbs*TTL*Tcw*QCCD = 0.30*0.85*0.68*0.90*0.95*0.3 
 
Here, ηNA is the collection efficiency of the objective lens due to the limited solid angle, 
Tobj the transmittance of the objective lens, Tbs the transmittance of the dichroic beam 
splitter and of the emission band-pass filter, TTL the transmittance of the tube lens, Tcw 
the transmittance of the camera window, and QCCD the detection quantum efficiency of 
the CCD sensor (10). Therefore the detection efficiency is 4.44%. On the other hand, the 
photoelectron-to-digital-unit conversion factor is 2.3e–/count. We estimate that a single 
GFP on average emits 1.95x104 photons/sec.  
 
For the Nikon microscope, Tbs=0.55, and the Hamamatsu CCD camera has QCCD=0.45 at 
509 nm, so that the detection efficiency is 5.40%. The photoelectron-to-digital-unit 
conversion factor is 2.4e–/count (at gain=1). Therefore the estimated photon emission rate 
from a single GFP is 7.8x103 photons/sec, or about 40% of the estimate for the Olympus 
microscope. This ratio is due mostly to the ratio of incident light intensities for the two 
microscopes (9.8 vs. 22.8 W/cm2). 
 
 
Bulk measurements and calibration of the beads 
 
The single-molecule measurements were used to calibrate bulk measurements. In an 
important check, we noted that the bulk fluorescence intensity increased linearly with the 
expected surface density, over the entire measured range of three orders of magnitude (60 
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to 60,000 GFP/µm2) for the Olympus (Fig. 3A) and four orders of magnitude (3 to 30,000 
GFP/µm2) for the Nikon setup (Fig. 3B).  
 
Figure 3A. Calibration at the Olympus setup. The expected density assumes all His6-
GFP bound to the beads and produced average fluorescence signal as in 2A. To adjust 
for reduced bleaching due to use of neutral-density filters, results were multiplied by 
correction factors at the six highest densities: 0.781 (OD2.0, *), 0.803 (OD1.0, †), 0.825 
(OD0.7, ‡). Standard errors are smaller than the symbol size.  
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Figure 3B. Calibration at the Nikon setup. The expected density assumes all His6-GFP 
bound to the beads and produced average fluorescence signal as in 2B. To adjust for 
reduced bleaching due to use of neutral-density filters, results were multiplied by a 
correction factor at the two highest densities:  0.97 (OD0.9, *). Standard errors are 
smaller than the symbol size. 
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The measurements of GFP mass also provided an absolute His6-GFP concentration in the 
solutions used to incubate the beads. The His6-GFP concentrations used for the bulk 
measurements were greater than the Kd for binding to the Ni-NTA groups (~1.5x10 –12 
M), but less than 1.5% of the concentration of Ni-NTA groups in the bead slurry. 
Therefore, virtually all the His6-GFP was absorbed onto the beads, allowing a 
straightforward calculation of the His6-GFP surface density.  
 
The bulk measurements agree with these expected densities, over the entire measured 
range for both setups. The rms deviation from the expected fluorescence intensity is 11% 
(Fig. 4A) and 25% (Fig. 4B) for the Olympus and Nikon, respectively. The latter rms 
deviation decreases to 18% if one omits the point at the lowest surface density (3 
GFP/µm2). Two additional full experiments gave rms deviations of 17 and 21%.  
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Figure 4A. Measured and expected intensities are compared for the Olympus setup. 
Expected intensity = (expected density)x(average fluorescence counts per GFP). 
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Figure 4B. Measured and expected intensities are compared for the Nikon setup. 
Expected intensity = (expected density)x(average fluorescence counts per GFP). 
 
Some beads of diameter <70 µm or >120 µm gave fluorescence intensities 30% higher or 
lower, respectively, than the values for the intermediate diameters (80 - 120µm) that we 
used for quantitative studies. We have eliminated obvious optical reasons for these 
differences and suspect that the cause is variations in the density of Ni-NTA sites. 
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Bleaching and blinking 
 
We measured photobleaching of the fluorescence signal over a 140-fold range of 
excitation intensities (Fig. 5A). The exponential fits to the fluorescence intensity had a 
0.10 sec–1 rate constant for the unfiltered Olympus lamp (22.8 W/cm2).  
 
  
Figure 5A. Cumulative exposure at various light intensities bleaches His6-GFP on beads. 
The asymptotic values of the exponential fits are stated in the text. Nikon took the 9.8 
W/cm2 data, Olympus took the rest. 
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At lower intensities, the bleaching rate decreased linearly with the illumination intensity, 
with a slope of 4.7x10 –3 (secW/cm2)–1 (Fig. 5B). This dependence of the rate constants 
on light intensity agrees with previous results (10,18).  
 
 
Figure 5B. Bleaching rate of His6-GFP on beads vs. excitation intensity. The line has a 
slope of 4.7x10 –3 (secW/cm2) –1. 
 
The exponential fits showed that the fluorescence intensity declined to a nonzero steady-
state value (21% for the Nikon and 16 - 24% for the Olympus with no filter and OD0.7 
filter, respectively). This nonzero value is too large to be explained by spontaneous 
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recovery (estimated at ~0.6% min–1) but is consistent with the observations that 
fluorescence of both wild type GFP and some red-shifted GFP mutants, including the 
S65T fluorophore used in the experiments, can be reactivated by absorption of an 
additional photon (3,6,10). We also observed GFP blinking in the single-molecule 
fluorescence experiments (data not shown). 
 
In conjunction with the calculated photon emission rate, these time constants indicate that 
an average GFP molecule bleaches after emitting (1.4 to 1.8)x105 photons, in good 
agreement with other recent results (10,18). 
 
For exposures of a few seconds, the photobleaching correction was at most ~21% of the 
intensities for the Olympus microscope and ~3% for the Nikon microscope. For Figs. 2, 
3, and 4, we chose to accept the actual data taken at the highest light intensities, both the 
single-molecule fluorescence measurements and the bulk measurements, even though 
these are distorted by bleaching. We then adjusted those measurements taken with 
neutral-density filters in the incident beam by appropriate factors based on the linear 
dependence of photobleaching rate on incident intensity (Fig. 5B). 
 
 
Sources of random and systematic error 
 
The possible errors for GFP bead preparation could come from pipette (1 to 3 %), amino-
acid analysis (10%), and number of beads transferred by pipetting (10%). We summed 
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these errors in quadrature to estimate the total random error at ±14.5%. This total 
estimated random error accounts for the rms deviations of 11 to 21 %, which summarize 
the data over the entire range of Fig. 4A and most of the range of Fig. 4B. Evidently, 
there are no major unexplained sources of random or systematic error. The major 
uncorrected source of systematic error may be fluorescence from the antipodal bead 
surface. To estimate this contribution, we focused the objective about 1 bead diameter 
from the bead surface and measured about 6% of the fluorescence intensity of the bead 
surface. No corrections were made. 
 
 
Salt and pH sensitivity 
 
We found no detectable change in the fluorescence of the beads over the range of NaCl 
concentrations from nominally zero to 500 mM and for artificial cerebrospinal fluid 
(ACSF; pH 7.4) (data not shown). GFP37 fluorescence was greatest at pH 7.5 - 8.5 (Fig. 
6). Fluorescence intensity decreased by ~15% at pH 9.0, 25–30% at pH 6.5 - 7.0, 40% at 
pH6.0, and ~75% at pH 5.5. This pH sensitivity profile agrees with previous results for 
EGFP (17). 
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Figure 6. pH sensitivity of fluorescence from His6-GFP37 beads. 
 
 
DISCUSSION 
 
Overview of GFP calibrations 
 
The major result of this study is a set of procedures for calibrating transparent beads with 
surface densities of His6-GFP. These procedures yield results that are internally 
consistent in two ways. First, fluorescence intensities are linearly proportional to the 
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amount of GFP coupled to the beads, over nearly 4 orders of magnitude. Second, the 
absolute calibration (GFP/µm2) based on single-molecule fluorescence agrees, with an 
rms deviation of 11 to 21%, with the absolute calibration based on the total mass of GFP 
quantitatively adsorbed onto the beads. This second consistency implies that over 85% of 
the expressed His6-GFP molecules are active as fluorescent molecules with the 
characteristics noted in the single-molecule measurements. Because the rms deviation 
agrees with expected uncertainties of 14.5% over the range from 3 to 60,000 GFP/µm2, 
we believe that there are no major unexplained sources of systematic or random error. 
The absolute measurements can be made with roughly the same confidence as the relative 
measurements.  
 
As a result of these internal consistencies, researchers who follow these procedures for 
GFP purification and coupling, and who use the particular GFP mutant employed here, 
can now have confidence that the beads have an absolute density of GFP that is 
calculated in a straightforward way from the mass of the GFP and the area of the beads. 
The utility of the beads is shown further by the fact that two different microscope systems 
gave internally consistent results. The method is also directly applicable to confocal and 
two-photon microscopes. Although the method was specifically designed for planar 
membranes and was calibrated with the flat surface of a bead, we expect the technique to 
apply with unchanged characteristics for GFP distributions within the vertical resolution 
of standard, confocal, or two-photon microscopy, roughly 0.5 µm. We are now exploring 
methods for extending these measurements and calibrations to thicker tissues, which 
would scatter both incident and emitted light. 
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Incident light intensity 
 
To visualize single GFP, most preceding studies used 2 to 8 kW/cm2 illumination from 
lasers. This allows observation of single GFP molecules within 10 to 100 msec (6,10). 
However, we used standard 100 W Hg lamps, which produce 10 to 23 W/cm2. As a 
result, 0.5 to 1 sec was required to observe single GFP molecules. The advantage of using 
lower incident intensities is that casual imaging, e.g. while searching for optimal areas, 
leads to minimal bleaching. Nevertheless, we advocate the use of neutral-density filters 
for preliminary observations. For instance, densities > 1,000/µm2 can readily be imaged 
with incident intensities < 4 W/cm2, produced with OD0.7 neutral-density filter here. At 
these intensities, the time constant for bleaching is ~ 30sec. In all cases, we advocate the 
use of an electronic shutter to minimize exposure times. Bleaching would be minimal 
with a two-photon microscope, so such precautions may be superfluous in that case. 
 
 
Single-GFP images 
 
For incubations with [His6-GFP] < 2.5x10 –12 M, there were fewer single-molecule spots 
than expected from quantitative coupling of [His6-GFP] to the beads. The ratio of 
observed to expected molecules was 9% at 5x10 –13 M, 25% at 10 –12 M, and 80% at 
2.5x10 –12 M. These data suggest that the dissociation constant for binding of His6-GFP to 
the Ni-NTA groups on the beads is ~ 1.5x10 –12 M, somewhat higher than the usual value 
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of ~10 –13 M. This difference may be explained by the presence of 1.5 mg/ml BSA in the 
solutions.  
 
We believe that most of the imaged GFP molecules are monomers, because only a single 
Gaussian peak was observed in GFP calibrations. In addition, the GFP homodimer 
dissociation constant was estimated to be 100 µM, which is much higher than the 
working concentration (19). We do not expect that fluorescence resonance energy 
transfer (FRET) will distort the data for surface densities in excess of those used in the 
study, because FRET becomes appreciable at distances less than the average 
intermolecular distance of ~ 5.9 nm at our highest calibrated density (4). 
 
 
Bulk measurements 
 
For beads of diameter <70 or >120 µm, the measured intensity was sometimes 30% 
greater or lower than average value. We have not systematically explored the basis for 
these variations; but we advocate the use of beads with average diameters near the 
average value (~ 90 µm; 60 to 80% of all beads). A microcapillary system that mimics 
cell thickness in cultured cells was developed to monitor GFP in the 1 to 10 µM range 
(8). This is an appropriate approach for cytosolic proteins that are evenly distributed and 
present in the indicated concentration range. The present approach is likely to be most 
useful for quantifying membrane proteins, especially for proteins localized at high 
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densities such as at synapses. The lower limit of utility will depend on background 
fluorescence from other cellular proteins. 
 
 
Uncertainties in measurements of membrane protein density 
 
We have not explored polarization phenomena for the bound His6-GFP (15,18). It may be 
assumed that a GFP tag on the cytoplasmic or extracellular portion of membrane protein 
is roughly as mobile as the His6-GFP tethered to the beads. Therefore corrections due to 
fluorescence polarization are likely to be minimal. Another source of uncertainty, ~ 5%, 
would be come from FRET between GFP moieties in a multimeric membrane protein, 
and by changes in FRET with protein conformation (21). 
 
 
Overall recommendations 
 
Beads calibrated as described here are most useful at slightly alkaline pH, exposures < 
1sec, and incident light intensities < 10 W/cm2. These procedures should provide absolute 
calibrations for membrane proteins fused to GFP and expressed at 3 to 60,000/µm2, 
which encompasses the known densities of receptors, channels, and transporters in 
neuronal and non-neuronal membranes.  
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The procedures described here could also be used with the broad range of GFP mutants 
and homologs with shifted peak absorbance and fluorescence (5,9,13) and 
environmentally sensitive fluorescence (14). Since each mutant and optical setup have 
different characteristics, the best strategy is to generate calibrated beads in each case at 
hand.  
 
Once a calibrated batch of beads is available, the user need conduct only bulk 
measurements on the membrane of interest and then normalize these measurements to the 
calibrated beads nearby in the same microscopic field. Although CCD cameras are linear, 
we advocate choosing beads with roughly the same GFP density as the membrane.  
 
Independent biological experiments must be performed to assure that a protein-GFP 
fusion is expressed, sorted, and inserted into the membrane with wild-type characteristics. 
If such a construct can be chosen and incorporated into a ‘knock-in’ animal, the densities 
of membrane proteins can be measured with ~ 20% absolute accuracy . 
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Chapter V 
 
A Poly-Electrolyte Surface Interface for Single-Molecule 
Fluorescence Studies of DNA Polymerase 
 
 
SUMMARY 
 
We report the use of Poly-Electrolyte Multilayers (PEM) in a stable robust surface 
chemistry for specific anchoring of DNA to glass. The non-specific binding of 
fluorescently-tagged nucleotides is suppressed down to the single-molecule level and 
DNA polymerase is active on the anchored DNA template. This surface-chemistry 
platform can be used for single-molecule studies of DNA and DNA polymerase and may 
be more broadly applicable for other situations in which it is important to have specific 
biomolecular surface chemistry with extremely low non-specific binding. 
 
 
INTRODUCTION 
 
Since most enzymes have evolved to function in the solution phase, it can be challenging 
to design surface chemistries that allow specific anchoring of enzymes at solid-liquid 
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phase interfaces while retaining activity of the enzyme.  With the development of new 
biophysical techniques that take advantage of single-molecule fluorescent imaging 
technology, there has been a renewed interest in developing methods for specific binding 
of enzymes and other biological molecules to planar glass surfaces, thus allowing optical 
access (16).   
 
Much of the existing literature has focused on developing techniques to anchor 
fluorescently labeled proteins to the surface, and monitoring the activity of the enzyme by 
conformation-induced changes in fluorescence (7,8,18).  In some cases, it is possible to 
find a substrate for the enzyme of interest that gets catalyzed from a non-fluorescent to a 
fluorescent form, thus allowing the use of an unlabelled enzyme and relatively high 
concentrations of the substrate in solution (10).   
 
However, in the most general situation, one would like to study unmodified enzymes 
whose activity does not change the fluorescence of the substrate.  In those cases, the 
surface chemistry becomes challenging because one must simultaneously satisfy several 
constraints – the enzyme must be specifically anchored and active, and the surface must 
resist non-specific binding of a relatively high concentration of fluorescently labeled 
substrate molecules. Most single-molecule enzyme-anchoring surface chemistries (e.g. 
PEG grafts (7), nickel-derivatized surfaces (8)) are designed to anchor an active enzyme, 
but do not address the issue of non-specific binding of labeled substrate molecules.  In 
cases where the enzyme can be modified and two fluorescent molecules are used, 
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fluorescence resonance energy transfer has been utilized to decrease noise from 
background fluorescence (8).  
 
Here, we report the use of polyelectrolyte multilayers (PEM) to tune the charge density 
on the surface to selectively repel labeled substrate molecules.  The advantage of this 
method is that it achieves an extremely low density of non-specifically bound substrate 
molecules, thus enabling the use of a single fluorescence channel and avoiding the need 
for modification of the enzyme of interest.  
 
Poly-electrolytes are polymers whose chains contain charged functional groups. Some 
examples are poly (styrene sulphonate), polylysine, poly (glutamic acid), Poly (acrylic 
acid) (PAcr), poly ethyleneimine (PEI), and poly allylamine (PAll). Decher et al. have 
built poly-electrolyte multilayers (PEM) by sequential deposition of polyanions and 
polycations and have investigated their structure and growth process (4,5). PEMs are an 
excellent platform for surface chemistry and have been used to study DNA-
poly(allylamine) composites (11), layers of a charged virus (12), streptavidin (1), and 
various other proteins (9). Chluba et al. used PEM to build a biologically active hormone 
layer for implant and tissue engineering (3). Stroock et al. adsorbed polyelectrolyte layers 
in microchannels to pattern surface charge and electro-osmotic flow (14). 
 
We used a PEM structure to specifically anchor the DNA template used by DNA 
polymerase. A PEM is created and the final layer is used as a functionalization target for 
the covalent attachment of biotin. This allows anchoring of DNA through biotin-
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streptavidin specific bonding, instead of non-specific deposition in a dense layer (11). 
The PEM is constructed with a negative ionic final layer, which repels negatively-
charged, fluorophore-tagged nucleotide triphosphates. We found that non-specific 
binding is suppressed sufficiently to enable fluorescence studies of enzymatic processes 
involving single DNA molecules. Thus we have developed a platform that is suited for 
single-molecule studies of DNA and DNA polymerase, enabling applications such as 
single-molecule DNA sequencing, bulk DNA sequencing through synthesis, DNA 
hybridization microarrays, and enzymological research at the single-molecule level.  
 
 
MATERIALS AND METHODS 
 
Corning microscope slides (3x1 inch) and VWR Micro Cover Glasses #1 coverslips 
(25x25 mm or 22x22 mm) are cleaned using a version of the RCA protocol (15) and 
stored in HP water (18 MΩm, 0.2 µm filtered). 
 
PEI from Sigma (or PAll from Aldrich) and PAcr from Aldrich are dissolved at 2 mg/ml 
in HP water. The solutions are adjusted to pH 8 using NaOH and HCl. This pH ensures 
that both components have their functional groups charged (dissociated carboxyl and 
protonated amino groups respectively). The polyelectrolyte solutions are passed through 
a 0.22 µm filter to remove dust residue from the solid phase.  
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The RCA-cleaned glass is loaded into microslide mailers from Thomas Scientific and 
then immersed in solutions of the positive (PEI or PAll) and negative (PAcr) 
polyelectrolytes according to the scheme +/wash/-/wash/+/wash/-/wash. Each poly-
electrolyte step is 10min of immersion, whereas a wash step is thorough rinsing with HP 
water. PEM glass is stored in high-purity water and retains surface charge for at least 
several months. We have observed that PEI and PALL behave essentially the same for 
purposes of the presented surface chemistry, but that PEI is generally more efficient to 
handle experimentally. 
 
PEM glass is biotinylated using the Biotin-EZ-Link kit from Pierce Chemical Company, 
Rockford, IL 61105. 50 mM EDC (1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide 
hydrochloride) is freshly dissolved in MES (2-[N-Morpholino]ethanesulfonic acid) 
buffer, 10 mM, pH 5.5 (MESb). The EDC solution is filtered to remove any dust residues 
from the solid phase. 50 mM BLCPA (Biotin-LC-PEO-Amine from the kit) in MESb is 
mixed with the EDC solution at 1:1 and the result is diluted to 5 mM final concentration 
of each in MESb. This solution is pipetted onto the PEM surface to biotinylate it. After 
30min incubation in a humid chamber, the unreacted excess is washed away with MESb 
and then with Trisb (10 mM Tris, 10 mM NaCl, pH 8). 
 
Streptavidin Plus from Prozyme (40 µl, 0.1 mg/ml in Trisb) is pipetted onto the 
biotinylated PEM surface. After 30 min incubation in a humid chamber, the unreacted 
excess is washed off with Trisb. Then 40 µl of DNA at 0.1 µM for bulk experiments or 
0.1 nM for single-molecule experiments in TrisMg (10 mM Tris, 10 mM NaCl, 100 mM 
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MgCl2, pH 8) is deposited on the surface. After 30 min of DNA deposition in a humid 
chamber, the unreacted excess is washed off with Trisb.  This completes the procedure.  
 
Mu50, the DNA used in the experiments, was a biotinylated 50-mer (Biotin-5’-
CTCCAGCGTGTTTTATCTCTGCGAGCATAATGCCTGCGTCATCCGCCAGC-3’) 
annealed to a 14-mer primer (5’-GCTGGCGGATGACG-3’), both from Operon 
Technologies, Inc, Alameda, CA 94501. Its sequence was taken from the Lambda phage 
genome and was selected for its unlikelihood to form hairpins and dimers. The DNA 
experiments also made use of dATP-Lissamine (A-Lis) from NEN Life Science Products, 
Inc., Boston, MA 02118; dCTP-Cy3 (C-Cy3) from Amersham Pharmacia Biotech, 
Piscataway, NJ 08855; dATP-Tetramethylrhodamine (A-TMR), dATP-Texas Red (A-
Tex) from Molecular Probes, Inc., Eugene, Oregon 97402-0469; and non-tagged 
nucleotide triphosphates from Boehringer Mannheim GmbH, Mannheim, Germany. 
Klenow Fragment (3’-5’ exo-) DNA polymerase (Klenow exo-) from New England 
Biolabs, Beverly, MA 01915-5599, was used at 50 units per ml reaction volume. 
 
Optical observations were conducted using an Olympus IX50 inverted microscope with a 
100 W mercury lamp (HBO 103W/2, Osram), an Olympus PlanApo 60x NA1.4 
objective, a cooled CCD camera (SBIG ST-7I, Santa Barbara Instruments), and 
fluorescence filter sets appropriate for the particular dyes: Fluorescein (ex D470/40, 500 
DCLP, em D535/50), TMR and Cy3 (ex D540/25, dichroic 565 DCLP, em D605/55), 
Lissamine and Texas Red (ex D560/40, dichroic 595 DCLP, em D630/60), all from 
Chroma Technology Corp., Brattleboro, VT 05301. For higher signal-to-noise and faster 
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acquisition, the physical pixels of the camera were binned in 3x3 virtual pixels, whose 
corresponding physical size was ~ 0.45x0.45 µm with the described setup. Accordingly, 
fluorescence intensities were measured in counts per virtual pixel, or counts/pixel, for 
short. 
 
 
 RESULTS AND DISCUSSION 
 
We set out to conduct single-molecule fluorescence studies of DNA. A seminal 
experiment (Chapter III, Figure 4) showed that our system could observe tagged 
nucleotides at the single-molecule level after they extended the DNA primer. This opened 
the door to considering single-molecule real-time enzymatic studies and single-molecule 
DNA sequencing-by-synthesis.  
 
However, both applications required significant sophistication of our surface-chemistry 
techniques, as in both cases the polymerase and nucleotides had to work with the DNA in 
situ. This produced three simultaneous requirements: the fluorescence background from 
non-specifically bound tagged nucleotide had to be kept extremely low, the DNA 
molecule had to be immobilized on the surface to produce a localized image, and the 
DNA had to remain accessible to the polymerase. Most contemporary molecular-
combing techniques could not match up to these stringent requirements, so we had to 
devise our own surface chemistry to satisfy them. 
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We started with what was available. At the time, the APTES (or APOTEOS, basically a 
silane with an amino group) chemistries were well-known for their success in attaching 
much DNA. However, we found out experimentally that APTES-treated coverslips 
attached tagged nucleotides equally well, for the same reason they attached DNA – non-
specific binding based on electrostatic attraction between the positive amino groups of 
APTES and the negative phosphate backbone of the DNA. APTES chemistries that 
attached streptavidin for anchoring biotinylated DNA suffered from the same background 
problems. Saturating the sites with sacrificial nucleotides and using surfactants as 
blockers after the DNA deposition both failed to improve the results dramatically. Using 
sugars (especially fructose) as blockers worked much better, because the numerous 
hydroxyl groups in the sugars deprotonated in solution and partially cancelled the 
positive charge on the surface. However, even in that case, the chemistry suffered from 
low reliability and reproducibility.     
 
The part of APTES that worked was the silane binding to the glass of the coverslip, so we 
explored fluorosilane, vynilsilane, chlorosilane, and tetramethylchlorosilane as 
alternatives. All produced similarly unsatisfactory results. 
 
Besides electrostatics and silane attack of glass, another interaction that held promise for 
providing binding was the hydrophilic-hydrophobic one. Sigmacote was a known 
example used to anchor DNA in molecular combing and so was pursued next. However, 
we determined that the sigmacote solution came with fluorescent contaminant (in the 
TMR color), which was insignificant in bulk measurements but precluded single-
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molecule experiments. Also, the high hydrophobicity of the sigmacote-treated coverslips 
generated problems with molecular deposition from water solutions. In the same venue, 
we coated coverslips with RTV polymer. While such samples did not attach much tagged 
nucleotide, they did not attach much DNA either, and thus were unsuccessful. 
 
To recapitulate, we tried many non-specific chemistries based on silanes grafting, 
electrostatics, hydrophilic-hydrophobic interactions, and the use of blockers and 
surfactants. All of them shared the same recurring problems of high background, low 
reproducibility, and low reliability. It is therefore the author’s conviction that non-
specific chemistries, including use of surfactants and blockers, are generally incapable of 
providing reliable reproducible surface chemistries of quality sufficient for single-
molecule fluorescence studies. Still, the author does not exclude the potential usefulness 
of surfactants and blockers in an auxiliary role, to further improve the performance of 
already-successful specific chemistries. 
 
After the general failure of non-specific chemistries, we moved to constructing specific 
ones, which eventually led to the PEM one presented here. 
 
The initial RCA cleaning procedures leaves hydroxyl groups on the glass surface, which 
are deprotonated at the pH used here, and thus impart negative charge to the surface. 
While this charge can provide some electrostatic shielding against non-specific 
adsorption of tagged nucleotides, the surface charge density is very low.  To increase this 
density, we build up poly-electrolyte layers. The positively charged PEI binds 
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electrostatically to the negatively charged glass. The negatively-charged PAcr binds to 
PEI for the same reason. This process is repeated, and the final fourth layer of the PEM is 
the negatively-charged PAcr, which repels the negatively-charged fluorescently-tagged 
nucleotides. The polymeric nature of the PEM results in increased charge density for each 
adsorbed layer, allowing us to tune the charge density and to cover any inhomogeneities 
on the surface which might become sites for non-specific attachment.  
 
To examine the PEM surface charge, we exposed positively and negatively terminated 
PEM surfaces to dATP-TMR, which carries effectively three negative charges per 
molecule at pH8.0. Thus we expected to detect much larger fluorescent signal from 
positive surfaces than from negative ones, due to the electrostatic interactions.  
Accordingly, we prepared four PEM coverslips following the general procedure from 
Materials and Methods up to the biotinylation step (using PAll). Then two of the slips 
were put through an extra treatment of PAll/wash. These slips were called PEM(+)  to 
indicate that they are positively terminated, while the standard ones, PEM, are negatively 
terminated. Then one slip from each group was incubated for 15min with 1µM dATP-
TMR in Trisb, and the other with only Trisb, as a control. All slips were then washed 
with Trisb and observed on the microscope. The Trisb controls established the 
background signal from the PEM and glass, whereas the dATP-TMR cases gave 
information about the charges on the surface.  
 
A series of several pictures was taken at different locations on each coverslip, using a 
dichroic filter set appropriate for TMR. For each picture, the camera signal was 
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integrated over the central 50x20µm area of the field of view to obtain an average value 
for the fluorescence signal in counts per pixel. The mean of these values was calculated 
for each series of pictures, and uncertainty was assigned as half the spread between the 
maximum and minimum values. The results (Figure 1) showed that dATP-TMR stuck 22 
times more to PEM(+) than to PEM, as expected if the interaction were dominated by 
electrostatics. 
 
Figure 1A. PEM provides electrostatic shielding against  non-specific attachment of 
tagged nucleotides. Negatively-charged TMR-tagged nucleotide attaches 22x more to 
positively terminated PEM than to negatively terminated PEM. 
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In our general protocol, the biotinylated DNA is anchored specifically to the PEM surface 
through biotin and streptavidin. A kit is used to link biotin to the carboxyl groups present 
at the PAcr surface, which is then treated with streptavidin. During the DNA anchoring 
step, a high concentration of Mg2+ is used in order to screen the electrostatic repulsion 
between the negatively-charged DNA and the negatively-charged PEM surface. In 
subsequent steps, the salt concentration is reduced to reactivate the repulsive shielding.  
 
To examine the specificity of the biotinylation step, we withheld either BLCPA (the kit 
linker) or EDC (the kit activation agent) and then tested for the presence of anchored 
biotin by attachment of streptavidin-TRITC and fluorescence detection. We observed 40 
times stronger signal (Figure 1B), when all the biotinylation components were present 
than when any were withheld.  
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Figure 1B. PEM biotinylation. Forty times more SA-TRITC attaches when all kit 
components are present than if any are withheld. 
 
Similar tests were conducted for streptavidination by withholding streptavidin and then 
trying to bind biotin-fluorescein or biotinylated fluorescein-tagged DNA. If the surface 
was treated with streptavidin, respectively 215 and 15 times stronger signal was observed 
(Figure 1C).  
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Figure 1C. Streptavidin (SA) anchors biotin-fluorescein and biotinylated DNA-
fluorescein to biotinylated PEM surface chemistry. 
 
The experimental confirmation of specific anchoring of the DNA allowed us to proceed 
to testing for incorporation at the surface. The electrostatic shielding at the surface 
probably repels the unanchored end of the DNA away from the surface, which would 
reduce surface-promoted protein denaturation or steric hindrances that might inhibit DNA 
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polymerase activity. We contrasted different combinations of nucleotides and fluorescent 
tags and compared them to controls containing no DNA polymerase. In the absence of 
polymerase no incorporation should happen, so any signal in that case would be a 
measure of non-specific binding. The net signal increase in the polymerase cases would 
be interpreted as the contribution from incorporation. 
 
For this purpose, we prepared sixteen coverslips with the complete chemistry (using 
PAll) including the anchoring of 0.1 µM Mu50 in TrisMg. The coverslips were organized 
in 8 pairs, so that the degree of consistency could be measured by the difference between 
the results in each pair. Next, the 8 pairs were organized in 4 groups of 2 pairs. 20 µl 
EcoPol buffer containing A-TMR, dCTP, dGTP, and dTTP, each at 1 µM , and 50 U/ml 
Klenow exo-, were pipetted onto Group 1 Pair 1. Group 1 Pair 2 was treated identically 
except for withholding the polymerase. The same procedure was applied to the other 
groups, except the mixture of nucleotides was different: Group 2 (A-Texas Red, C, T, G), 
Group 3 (A-Lis, C, T, G), Group 4 (C-Cy3, A, T, G). After 40min of simultaneous 
incubation in a humid chamber, all slips were washed with Trisb. Fluorescence 
measurements were conducted using dichroic filter sets appropriate for the particular 
dyes. The data acquisition and analysis was conducted similarly to the previous described 
experiments. The results (Figure 2) show up to 58 times higher signals whenever the 
polymerase was present, which confirms incorporation inside the anchored DNA. 
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Figure 2: Bulk incorporation of fluorescently-tagged nucleotides inside DNA anchored 
at the surface. In control cases, polymerase was withheld; hence, the net increase in 
polymerase cases is due to incorporation.  
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Single-fluorophore studies were conducted in parallel with the bulk incorporation 
measurements discussed above. We have previously shown that the cleaning protocols 
and microscope system used here allow single molecule detection and quantification 
(2,15). Using the quantized fluorescent signal obtained from single-molecule 
experiments, we are able to make absolute measurements of the surface density of 
proteins (2). In this case, the bulk experiments with both DNA and fluorescently labeled 
streptavidin showed that the surface density of streptavidin was extremely high; we 
estimated greater than 100 streptavidin molecules per square micron. By titrating the 
biotinylated DNA, it is possible to bind such a small number of molecules to the surface 
that they are separated by more than the diffraction limit and thus able to be visualized 
individually. 
 
Accordingly, we prepared three coverslips with the complete chemistry (using PEI). The 
DNA used was Biotin-Mu50 at 1 nM in TrisMg. Then coverslip #1 was treated with a 
mixture of dATP-Lis, dCTP, dGTP, and dTTP each at 0.1 µM in EcoPol buffer also 
containing Klenow exo-. The coverslip #2 was prepared as #1 but without polymerase. 
The #3 was prepared as #2 except for using untagged dATP instead of A-Lis. After 30 
min incubation in a humid chamber, all slips were washed with Trisb. Observations were 
made with a dichroic filter set appropriate for lissamine. Samples of the resulting pictures 
are shown in Figures 3.  
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Figure 3. On-surface incorporation of anchored DNA can be visualized at the single-
DNA level. a) Positive incorporation, {A-Lis,C,G,T, polymerase}; b)  polymerase 
withheld, {A-Lis,C,G,T};  c) fluorescent nucleotide and polymerase withheld, {A,C,G,T}. 
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Comparison of the incorporation in Figure 3a and the control in 3b shows the on-surface 
incorporation at the single-DNA level. Comparison of the three figures shows that the 
total contribution of background from non-specific binding of lissamine-labeled 
nucleotides and other fluorescent impurities is less than five percent of the total number 
of objects. Hence, over 95% of the observed objects in Figure 3a are single-molecule 
DNA. Thus, it is possible to observe incorporation of fluorescently labeled nucleotides 
into single DNA template molecules. 
 
 
CONCLUSIONS 
 
We have developed a PEM-based optimized robust surface-chemistry for anchoring DNA 
to glass surfaces. This technique utilizes electrostatic repulsion to achieve a very low 
background for fluorescence studies and to allow DNA polymerase activity on the 
surface. Thus this surface-chemistry platform may be useful for single-molecule 
fluorescence studies of the various enzymes that interact with DNA, and indeed for any 
case, in which substrate molecules have a net charge.   
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Chapter VI 
 
Single-Molecule DNA Sequencing 
 
 
SUMMARY 
 
The completion of the human genome draft has taken several years and is only the 
beginning of a period in which large amounts of DNA and RNA sequence information 
will be required from many individuals and species. Conventional sequencing technology 
has limitations in cost, speed, and sensitivity, with the result that the demand for 
sequence information far outstrips current capacity. There have been several proposals to 
address these issues by developing the ability to sequence single DNA molecules, but 
none have been experimentally demonstrated. Here we report the use of DNA 
polymerase to obtain sequence information from single DNA molecules by using 
fluorescence microscopy. We monitored repeated incorporation of fluorescently labeled 
nucleotides into individual DNA strands with single base resolution, allowing the 
determination of sequence fingerprints up to 5 bp in length. These experiments show that 
one can study the activity of DNA polymerase at the single molecule level with single 
base resolution and a high degree of parallelization, thus providing the foundation for a 
practical single molecule sequencing technology. 
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INTRODUCTION 
 
The Sanger method of DNA sequencing (1) and subsequent developments in automation 
(2) and computation (3) revolutionized the world of biological sciences and eventually 
led to the sequencing of the consensus human genome (4, 5). The successes of this and 
other genome projects have only whetted the appetite of the scientific community, and 
many applications of DNA sequencing have been proposed that will require cheaper, 
faster, or more sensitive sequencing technology than the current one.  
 
After the determination of the consensus human genome, there is a desire to sequence 
many individual human genomes to provide high-resolution genotypes that can be used to 
determine the complex relationships among disease, pharmaceutical efficacy, and genetic 
variability (6, 7, 8). Similarly, aggressive technological innovation is required for the 
field of comparative genomics to reach its full potential (4). Finally, mRNA sequencing 
is valuable to determine exon splicing patterns (9) and as a tool to discover gene function 
from context-specific expression data (10).  
 
There have been many proposals to develop new sequencing technologies based on single 
molecule measurements, generally either by observing the interaction of particular 
proteins with DNA (6, 11, 12, 13) or by using ultra high-resolution scanned probe 
microscopy (14). Although none of these methods has been demonstrated experimentally, 
they are interesting because they promise high sensitivity, low cost, and in some cases, a 
high degree of parallelization (15). Unlike conventional technology, their speed and read 
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length would not be inherently limited by the resolving power of electrophoretic 
separation. Single molecule sensitivity might permit direct sequencing of mRNA from 
rare cell populations or perhaps even individual cells.  
 
A major obstacle in the development of single molecule sequencing schemes is that DNA 
has an extraordinarily high linear data density, with a pitch of only 3.4 Å between 
successive bases. Scanned probe microscopes have not yet been able to demonstrate 
simultaneously the resolution and chemical specificity needed to resolve individual bases 
(14). Other proposals turn to nature for inspiration and seek to combine optical 
techniques with enzymes that have been fine-tuned by evolution to operate as machines 
that assemble and disassemble DNA with inherent single-base resolution (6, 11, 12). 
Although there have been single molecule studies of DNA polymerase (16, 17), RNA 
polymerase (18, 19), and exonuclease (20, 21), measuring the activity of these enzymes 
with single-base resolution has been an elusive goal. We took advantage of the exquisite 
discrimination and fidelity of DNA polymerase to image sequence information in a single 
DNA template as its complementary strand is synthesized. Angstrom spatial resolution is 
not necessary because the nucleotides are inserted sequentially; only the time resolution 
to discriminate successive incorporations is required. After each successful incorporation 
event, a fluorescent signal is measured and then nulled by photobleaching. This method 
lends itself to massive parallelism, and in the experiments described here, we were able to 
monitor hundreds of templates simultaneously.  
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Observations of single-molecule fluorescence were made by using a conventional 
microscope equipped with total internal reflection illumination (22), which reduces 
background fluorescence (Fig. 1). The surface of a fused-silica slide was chemically 
treated to specifically anchor DNA templates while preventing non-specific binding of 
free nucleotides. To exchange solutions, a plastic flow cell was attached to the top of the 
slide. DNA template oligonucleotides were hybridized to a fluorescently labeled primer 
and bound to the surface using streptavidin and biotin with a surface density low enough 
to resolve single molecules. The primed templates were detected by their fluorescent tags, 
their locations were recorded for future reference, and the tags were photobleached. 
Labeled nucleotide triphosphates and DNA polymerase enzyme were then fed in and 
washed out of the flow cell while the known locations of the DNA templates were 
monitored for the appearance of fluorescence. With this technique we show that DNA 
polymerase is active on surface-immobilized DNA templates and can incorporate 
nucleotides with high fidelity.  
 
A confounding factor in previous attempts to sequence single DNA molecules with 
fluorescence microscopy has been an inability to control background fluorescence and 
fluorescent impurities (20, 23). In this work we used a combination of evanescent wave 
microscopy and single-pair fluorescence resonance energy transfer (spFRET) (24, 25, 26) 
to decrease noise. Since the donor excites acceptors only within the Forster radius (~5 
nm) (27), the spatial resolution of this method exceeds the diffraction limit by a factor of 
50 and conventional near-field microscopy by an order of magnitude. Using this spFRET 
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method, we were able to obtain single molecule sequence fingerprints up to 5 bp in 
length. 
 
 
EXPERIMENTAL PROCEDURES 
 
Detection and Data Analysis 
 
The optical setup (Fig. 1) consisted of an upright microscope (BH-2, Olympus, Melville, 
NY) with total internal reflection (TIR) illumination. Two laser beams, 8mW 635nm 
(Coherent, Santa Clara, CA) and 10mW 532nm (Brimrose, Baltimore), were circularly 
polarized by quarter-wave plates and underwent TIR in a dove prism (Edmund Scientific, 
Barrington, NJ). The prism was optically coupled to the fused silica bottom (Esco, Oak 
Ridge, NJ) of a hybridization chamber (Sigma) so that evanescent waves illuminated up 
to 150 nm above the surface of the fused silica. An objective (DPlanApo, 100x UV 
1.3oil, Olympus) collected the fluorescence signal through the top plastic cover of the 
chamber, which was bent down by the objective to ~ 40 µm from the silica surface.  An 
image splitter (Optical Insights, Santa Fe, NM) directed the light through two bandpass 
filters (630dcxr, HQ585/80, HQ690/60; Chroma Technology, Brattleboro, VT) to an 
intensified charge-coupled device (I-PentaMAX; Roper Scientific, Trenton, NJ), which 
recorded adjacent images of a 120x60 µm region of the surface in two colors.  
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Typically, eight exposures of 0.5 sec each were taken of each field of view to compensate 
for possible intermittence in the fluorescence emission. Custom IDL software (28) was 
modified to extract the locations and intensities of fluorescence objects from the series of 
pictures. The resulting traces revealed the incorporation information, which reconstructed 
the template sequences. 
 
 
Figure 1. The system. (a) The green laser beam illuminates the surface by evanescent 
wave. The bleaching red laser beam is normally blocked. The intensified CCD camera 
records Cy3 and Cy5 emissions independently. (b) Two single-molecule images show 
Cy3- and Cy5-labeled nucleotides in the same template (scale bar ~10 µm). (c) The DNA 
is anchored to the slide to prevent loss during reagent feeds and washes. 
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Sample Preparation 
 
We applied a surface chemistry (29) that was previously developed on the basis of 
polyeletrolytes (30).   
 
Slides were sonicated in 2% MICRO-90 soap (Cole–Parmer, Vernon Hills, IL) for 20 
min, washed in high-purity water, boiled in RCA solution (6:4:1 = high-purity H2O: 30% 
NH4OH: 30% H2O2) for 1 h (31), and washed again in high-purity water. Then they were 
bathed alternately in polyallylamine (positively charged) and polyacrylic acid (negatively 
charged; both from Aldrich) at 2 mg/ml and pH 8 for 10 min each and washed intensively 
with high-purity water in between. The carboxyl groups of the last polyacrylic-acid layer 
prevent the negatively-charged labeled nucleotide from binding to the surface of the 
sample. These groups also serve as functionalization targets for grafting biotin-amine 
reagent Biotin- EZ-Link (from Pierce) at 5 mM for 10 min in the presence of 1-[3- 
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC, Sigma) in MES 
buffer. Next, the slides were incubated with Streptavidin Plus (Prozyme, San Leandro, 
CA) at 0.1 mg/ml for 15 min in Tris buffer. Biotinylated DNA was deposited onto the 
streptavidin-coated chamber surface at 10 pM for 10 min in Tris buffer that contained 
100 mM MgCl2. That DNA had been prepared by annealing a primer, [Cy3–5’-
tagaacctccgtgt-3’] to template 1 [3’-atcttggaggcacaATCATCGTCATCGTCATCG-
(TCATCG)7-5’-biotin], template 2 [3’-atcttggaggcacaATCGTCATCATCGTCGTCA-
(TCATCG)7-5’-biotin], or template 3 [3’-atcttggaggcacaCTACTGACT-(ACTGACT)11-
5’-biotin] (all from Operon, Technologies, Alameda, CA).  
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Incorporation solutions contained a nucleotide triphosphate and Klenow fragment Exo-
minus polymerase (New England Biolabs) at 10 nM (100 units/ml) in EcoPol 1x buffer 
(New England Biolabs). dATP, dGTP, dTTP, and dCTP from Roche Diagnostics, dCTP-
Cy3, dUTP-Cy3, and dUTP-Cy5 from Amersham Pharmacia, dCTP-Cy5, dATP-Cy3, 
dGTP-Cy3, dATP-Cy5, and dGTP Cy5 from Perkin–Elmer, and dCTP-Alexa647 from 
Molecular Probes were used at 0.2 µM for the Cy3-labeled and 0.5µM for the Cy5-
labeled and unlabeled nucleotides. Incubation times were 6 to 15 min, with longer times 
at later stages of the experiment. To reduce bleaching of the fluorescence dyes, an 
oxygen-scavenging system (27) was used during all green illumination periods, with the 
exception of the bleaching of the primer tag. 
 
 
Reagent Feed Scheme for Single-Pair FRET Sequencing 
 
The positions of the anchored Cy3-primed DNA were recorded, and then the tags were 
bleached by the green laser illumination (Fig.3a1). dUTP-Cy3 and polymerase were fed 
in and washed out. An image of the surface was then analyzed for incorporated U-Cy3 
(Fig. 3a2). If there were none, the process was repeated with dCTP-Cy3. If there was still 
no incorporation, incubation was repeated with a mix of unlabeled dATP and dGTP, and 
then cycled again from the beginning until the first fluorescently labeled base was 
incorporated. The Cy3 dye of this incorporated nucleotide was kept unbleached. Next, a 
mix of dATP and dGTP was incubated to ensure that the primer was extended until the 
next A or G of the template. At this point we switched to Cy5-labeled nucleotides, except 
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for one successful reaction in which the label was Alexa-647, a Cy5 analogue (Molecular 
Probes).  
 
The incorporation and observation process was repeated, except that each observation 
with green illumination was followed by an observation with red illumination to 
photobleach any incorporated Cy5 fluorophores. After bleaching the acceptor, we 
incubated the mix of dATP and dGTP again, washed it out, and observed the sample 
briefly with green illumination to record the recovery of the donor (Fig. 3a4). We 
alternated several times between incorporation reactions with U-Cy5, C-Cy5, and a 
(G+A) spacer. Naturally, all these feeds contained polymerase. 
 
 
RESULTS AND DISCUSSION 
 
A series of experiments were performed to prove that the DNA polymerase enzyme can 
operate with high fidelity and discrimination when using the modified nucleotide 
triphosphates and anchored DNA templates. DNA polymerase and a mismatched species 
of labeled nucleotide were incubated in the flow cell for 5min and washed out. The 
surface was imaged and the positions of the observed fluorescent molecules were 
compared with the positions of the DNA molecules detected beforehand (Fig. 2). Then 
the same process was repeated with the correct labeled nucleotide triphosphate. 
Superimposing the images showed a high correlation between the primer position and the 
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nucleotide position for the correct match, and a low correlation for mismatched bases. 
Correlograms were used to represent the results succinctly (Fig. 2a6).   
 
 
 
Figure 2a. Data extraction. Cy3-labeled templates are cataloged (a2) from the original 
images (a1) (scale bar ~ 10 µm). The templates are bleached and an incorporation feed 
is conducted. Labeled nucleotides are detected (a3) and are similarly cataloged (a4). 
Incorporation is detected as high location correlation of a template and a nucleotide (a5, 
a6). 
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Figure 2b. The polymerase is active on anchored single DNA templates. Mismatched C-
Cy3 is rejected (b1), while matching U-Cy3 is incorporated (b2). After sequence buildup 
with A+G, FRET through Cy3 shows mismatched U-Cy5 is rejected (b3), while matching 
C-Cy5 is incorporated (b4). Thus polymerase maintains selectivity and fidelity in these 
experiments. 
 
Variations of this experiment were successfully completed over 20 times, using each of 
the four labeled bases as positive and negative controls, and DNA templates of differing 
sequences. There is no significant correlation when withholding either the polymerase 
enzyme or the correct complementary nucleotide triphosphate. Thus, specific template-
dependent incorporation of labeled nucleotide into the anchored DNA molecules is 
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catalyzed by the DNA polymerase and can be detected at the single molecule level. We 
also demonstrated that multiple incorporations of fluorophores in a single template can be 
quantified by its fluorescence intensity and stepwise photobleaching (data not shown). 
This can be used to measure consecutive repetitions of a particular base in a sequence.  
 
While attempting to iterate this scheme to sequence the DNA templates, we observed that 
multiple feeds of labeled nucleotides led to increasing non-specific binding of 
unincorporated nucleotides. The increasing number of objects in the same field of view 
decreased the average spacing between objects and produced more false positives during 
position cross-correlation. That rendered interpretation of the experiment ambiguous 
beyond two or three incorporations.  
 
We suppressed this background noise by the use of single-pair FRET (24, 25). The first 
labeled nucleotide to be incorporated contained a donor (Cy3), while successive 
nucleotides were labeled with an appropriate acceptor (Cy5) (Fig. 2b). Although the 
increase in surface density of non-specifically attached Cy5 was the same as before, they 
produced much less noise during donor excitation, because the effective FRET region 
was only a few nanometers around each donor, and thus most of the non-specifically 
attached acceptors were not excited. After each incubation and FRET detection, the 
surface was illuminated with a red laser that bleached the acceptor but left the donor 
intact (Fig. 3a4). 
 
 114
 
Figure 3a. Single-molecule DNA sequencing with FRET. First few steps of primer 
extension. 
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Figure 3b&c. Single-molecule DNA sequencing with FRET. (b) Intensity traces from a 
single template molecule in the green (Cy3) and red (Cy5) channels. The label at each 
column shows the last nucleotide to be incubated. Successful incorporation events are 
marked with an arrow. (c) FRET efficiency. 
 
This method was used to determine the order of appearance of A’s and G’s in a template 
sequence by alternating between incorporation of labeled U and C, while filling the gaps 
with unlabeled A and G. Figure 3b shows a trace of the emission intensities of an 
individual DNA molecule as a function of time. A simultaneous drop in the donor and 
rise in the acceptor emission indicates a FRET event, and hence, incorporation. The 
FRET efficiency (25), Ia/(Id + Ia), is calculated in Figure 3c, where Id and Ia are the 
average intensities of the donor (Cy3) and the acceptor (Cy5), respectively. The FRET 
efficiency has higher signal-to-noise than quantitation of either channel alone because it 
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combines information from both fluorophores while simultaneously normalizing the 
relative intensities. The particular trace shown reads out the correct sequence fingerprint 
for template 1 (AAGAGA).  
 
The skip after the first G in the same figure demonstrates the asynchronicity of single-
molecule sequencing. When a particular template molecule does not complete 
incorporation in one cycle, it can complete it in a later cycle. Thus the primers in the 
same field of view can be extended out of phase (asynchronously) without a problem. 
The same dephasing in ensemble averaging in bulk-sequencing schemes would increase 
noise, at best, or produce false information, at worst.  
 
The fingerprinting experiment was repeated with another sequence (template 2). The 
results of 40 molecules that all reached 4 incorporations in experiments on templates 1 
and 2, were organized in histograms of the measured vs all possible 4-mer sequences. 
They showed that the correct sequences for templates 1 and 2 can be discriminated with a 
97% confidence level (Fig. 4).  
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Figure 4. Histograms over 4-mer space of all traces that reached at least four 
incorporations with templates 1 (a) and 2 (b). Actual-sequence fingerprints were AAGA 
(a) and AGAA (b).  
 
Moreover, these data show that sequencing, in which the template sequence is not known, 
can be accomplished with an error rate of 0.04. For template 1, seven traces continue to 
the fifth incorporation and one continued to the sixth, all with the correct sequence. 
Taken together, these data show that the incorporation fidelity of the DNA polymerase is 
high enough for reliable readout of the template sequence and prove the principle of 
single-molecule DNA sequencing by polymerase extension of the primer.  
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What are the prospects for turning this method into a practical DNA sequencing 
technology?  
 
The experiments are already highly parallel and the reagent exchanges are 
straightforward to automate, either with conventional or microfluidic plumbing. The 
inherent limitation of FRET in readout length (5nm, and thus 15bp) may be solved either 
by incorporating a new donor-labeled base at regular intervals or by placing the donor on 
the polymerase (32).  
 
Another limitation to read length comes from the stepwise incorporation yield of the 
labeled nucleotides, which was ~ 50% for the experiments described in Figures 3 and 4. 
We believe this yield is largely determined by the interaction of the DNA polymerase 
with the modified nucleotide triphosphates and is one of the reasons why we chose to 
measure sequence fingerprints of only two of the four nucleotides. This interpretation is 
supported by sequence data taken on template 3, which was designed so that labeled 
nucleotides (Fig. 5) would be incorporated in adjacent positions. The yield was reduced 
to ~ 10% for the second incorporation.  
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Figure 5. Incorporation of consecutive labeled bases. (a) Template 3 extended with 
adjacent labeled dCTP and dUTP. (b) Sequence trace. (c) FRET efficiency. 
 
Others have shown that nucleotide analogs with longer linker arms can be incorporated 
into DNA templates with significantly higher yields (33). It is also possible to use a more 
promiscuous polymerase (34, 35) or nucleotide analogues whose dye can be chemically 
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removed at each step. Because some of these ideas have already been used to synthesize 
long DNA molecules with every base replaced with nucleotide analogues (20, 34–36), we 
believe that there are no fundamental or practical obstacles to extending our results to 
create a highly parallel and sensitive single molecule sequencing technology. 
 
There are several practical implications that result from this work. For de novo genome 
sequencing, this method allows a high degree of parallelization and sparing use of 
reagents. For example, in the work described here a few hundred templates were 
anchored in a 100µm-diameter field of view. With an automated scanning stage, one can 
extrapolate to 12 million templates simultaneously sequenced in a 25 mm sq, using only a 
few microliters of reagents. With so many templates, the ability to asynchronously 
sequence, and thus not having to drive every enzymatic reaction to completion in each 
cycle, becomes a crucial advantage that will allow one to choose incorporation times that 
minimize unwanted side reactions.  
 
The capability to sequence many single molecules in parallel means that it should be 
possible to make direct measurements of gene expression from single cells. If the mRNA 
from a cell is bound to the glass surface, it can either be sequenced directly with reverse 
transcriptase or sequenced with DNA polymerase after a DNA strand is synthesized. In 
many cases it will only be necessary to sequence 15 to 20 nucleotides to get a unique 
gene fingerprint that can be used in conjunction with a genome sequence to determine the 
identity of the expressed gene. Alternatively, sufficiently long sequence fingerprints of 
two of the four bases may also be used to uniquely identify genes. Finally, it should be 
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possible to use this assay system to study basic biochemical questions concerning DNA 
polymerase activity in general and fidelity in particular.  
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Chapter VII 
 
DNA Sequencing-by-Synthesis in a Microfluidic Device 
 
SUMMARY 
 
We have developed the first fully integrated microfluidic system for DNA sequencing-
by-synthesis. Using this chip and fluorescence detection, we have reliably sequenced up 
to 4 consecutive basepairs. The described sequencer can be integrated with other 
microfluidic components on the same chip to produce true lab-on-a-chip technology. The 
surface chemistry that was designed to anchor the DNA to elastomeric microchannels is 
useful in a broad range of studies and applications. 
 
 
INTRODUCTION 
 
The Sanger method of DNA sequencing (1) and its subsequent capillary array automation 
(2) have revolutionized biology and have led to the sequencing of the consensus human 
genome (3, 4). However, this state-of-the-art technology has inherent limitations, 
especially in cost and read length, which make it impractical in resequencing known 
genomes for improved accuracy, or moving to the next logical steps, e.g. massive 
comparative genomics studies (3), aggressive disease-gene discovery, and ubiquitous 
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personalized medicine (5, 6). In terms of speed and cost, sequencing only five persons 
took over 9 months, while the total budget of the project was over 3 billion dollars 
(http://www.ornl.gov/sci/techresources/Human_Genome/project/whydoe.shtml#budget). 
  
The limitations of the electrophoresis approach have prompted researchers to work on 
alternative methods: mass spectrometry (7-10), base addition with deprotection steps 
(11), pyrosequencing (12-16), sequencing by hybridization (17), massively parallel 
sequencing with stepwise enzymatic cleavage and ligation (18), polymerase colonies 
(19,20), sequencing using nanopores (21-24), massively parallel single-molecule 
sequencing (25). While some of these methods are promising, none has yet bested the 
electrophoresis detection. However, they may find important niche applications in areas 
such as SNP determination, mini-sequencing, and gene expression analysis. 
 
Here we describe a sequencing-by-synthesis method that uses microfluidic plumbing. 
Briefly, the scheme involves exposing a primed DNA template to a mixture of a known 
type of standard nucleotide, its fluorescently tagged analog, and DNA polymerase. If the 
tagged nucleotide is complementary to the template base next to the primer’s end, the 
polymerase extends the primer with it and fluorescence signal is detected after a washing 
step. Iteration with each type of nucleotide reveals the DNA sequence. We implemented 
this scheme in a PDMS (polydimethylsiloxane) microfluidic chip and devised a novel 
surface chemistry to anchor the DNA to the PDMS microchannel to prevent DNA loss 
during feeds and flushes. The average read length was 3 bp, which constitutes proof of 
principle for the system as well as demonstrates the enabling technology – a 
 127
heterogeneous assay fully integrated in a microfluidic system, combining active 
plumbing, specific surface chemistry, and parallelism. This approach to DNA sequencing 
has advantages in economy of material and integrability under the lab-on-a-chip 
paradigm, while the microfluidic and surface chemistry technologies by themselves are 
immediately applicable to many other systems involving DNA studies, pyrosequencing 
being one example. 
 
 
MATERIALS AND METHODS 
 
Setup and Detection System 
 
In each experiment, the microfluidic chip was housed in a custom-built aluminum holder, 
which was itself placed in a machined attachment to the translation stage of an inverted 
Olympus IX50 microscope. 23-gauge steel tubes from New England Small Tube Corp. 
(Litchfield, NH 03052) were plugged into the chip’s control channel ports. Their other 
ends were connected through tygon tubing (Cole-Parmer, Vernon Hills, IL 60061) to 
Lee-valve arrays (Fluidigm Corp. South San Francisco, CA 94080) operated by LabView 
software on a PC computer. The same types of steel tubes and tygon plumbing were used 
to supply reagents to the chip’s flow channel ports. 
 
The microscope was equipped with a mercury lamp (HBO 103 W/2 Osram), an Olympus 
Plan 10x objective (NA 0.25), an Olympus PlanApo 60x objective (NA 1.4), and a cooled 
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CCD camera (SBIG ST-7I, Santa Barbara Instrument Group). Fluorescence detection was 
conducted using the following filter sets: (ex D470/40, 500 DCLP, em D535/50) for 
Alexa Fluor 555, and (ex D540/25, dichroic 565 DCLP, em D605/55) for TAMRA, 
Lissamine, and Cy3. Both sets were procured from Chroma Technology Corp., 
Brattleboro, VT 05301. 
 
 
Reagents 
 
Chip Fabrication. HMDS (hexamethyldisilazane) is from ShinEtsuMicroSi, Phoenix, AZ 
85044. Photoresist 5740 is from MicroChem Corp., Newton, MA 02464. TMCS 
(tetramethylchlorosilane) is from Aldrich. PDMS (polydimethylsiloxane) is Sylgard 184 
from Dow Corning, K.R. Anderson, Santa Clara, CA 95051.  
 
Surface Chemistry. DAPEG is diacrylated polyethylene glycol SR610 from Sartomer, 
Exton, PA 19341. The Pt catalyst is hydrogen hexachloroplatinate from Aldrich 
(#26,258-7). The used polyelectrolytes are polyethyleneimine (PEI) (Sigma P-3143) and 
polyacrylic acid (PAcr) (Aldrich #41,604-5). Streptavidin Plus comes from Prozyme (San 
Leandro, CA 94577). Trisb is a buffer: Tris 10 mM (NaCl 10 mM) pH 8. TrisMg is a 
buffer: Tris 10mM (NaCl 10 mM, MgCl2 100 mM) pH 8. The dUTP-Cy3 is a dUTP 
nucleotide tagged with the Cy3 dye, from Amersham Biosciences (Piscataway, NJ 
08855). 
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Sequencing. DNA1 is an 89-mer biotinylated DNA template (Biotin-5’- (tcatcag)10 
tcatcACACGGAGGTTCTA-3’) annealed to a 14-mer primer tagged with the Cy3 
fluorescent dye (Cy3-5’-TAGAACCTCCGTGT-3’). DNA2 is a 99-mer biotinylated 
DNA template (biotin-5’-(tttgcttcttattc)6 ttACACGGAGGTTCTA) annealed to the same 
type of primer. All DNA is from Operon Co., Alameda, CA 94501. The sequencing feeds 
contained: A (10 µM dATP-Lis, 2 µM dATP, polymerase), C (10 µM ddCTP-TAMRA, 
0.2 µM dCTP, polymerase), G (10 µM ddGTP-TAMRA, 3.3 µM dGTP, polymerase), U 
(8 µM ddUTP-TAMRA, 28 nM dTTP, polymerase), all in 1x Sequenase reaction buffer 
with 15mM DTT. All tagged nucleotides are from PerkinElmer (Boston, MA 02118). All 
standard nucleotides are from Boehringer Mannheim (Germany). In all cases, the 
polymerase used is Sequenase Version 2.0 DNA Polymerase from USB Corp (Cleveland, 
OH 44128). 
 
 
Microfluidic Chip Fabrication 
 
PDMS microfluidic chips with integrated micromechanical valves were built using soft 
lithography as described previously (26) with the following modifications. Silicon wafers 
were exposed to HMDS vapors for 3 min. Photoresist 5740 was spun at 2,500 rpm for 60 
sec on a Model WS-400A-6NPP/LITE spinner from Laurel Technologies Corp. The 
wafers were baked at 105ºC for 90 sec on a hotplate. UV exposure through black-and-
white transparency masks was done at 180 mW/cm2 for 25 sec on a mask aligner (Karl 
Suss America Inc., Waterbury, Vermont). The molds were then developed for 3 min in a 
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solution of 5:1=deionized water: 2401 MicroChem developer. Flow layer molds were 
baked at 100ºC for 30 min on a hotplate to melt the 5740 and round the flow channels. 
Molds were characterized on Alpha-Step 500 (KLA-Tencor, Mountain View, CA 94043). 
Channel height was 9 to 11µm, while main flow channel width was 95 to 105µm. Control 
channel profile was oblong, while flow channel profile was parabolic. Except for the 
height measurements and the flow channel rounding, the mold fabrication was conducted 
in a class-10,000 clean room. 
 
Molds were exposed to TMCS vapors for 3 min. PDMS in 5:1 and 20:1 ratios were 
mixed and degassed using HM-501 hybrid mixer and cups from Keyence Corp. (Long 
Beach, CA 90802). Then 35 grams of the 5:1 was poured onto the control mold in a 
plastic petri dish wrapped with aluminum foil. Five grams of the 20:1 was spun over the 
flow mold at 2,500 rpm for 60sec on Spincoater P6700 (Specialty Coating Systems, 
Indianapolis, IN 46278). Both were baked in an 80ºC oven for 30 min. The control layer 
was taken off its mold and cut into respective chip pieces. Control line ports were 
punched using a 20-gauge luer-stub adapter (Beckton-Dickinson, Franklin Lakes, NJ 
07417). Control layer pieces were washed with ethanol, blown dry, and aligned on top of 
the flow layer under a stereoscope. The result was baked in an 80ºC oven for one hour. 
Chip pieces were then cut out and peeled off the flow layer mold. Flow line ports were 
punched with the same 20-gauge luer-stub adapter. Meanwhile, 5:1 Sylgard was spun at 
5,000 rpm for 60 sec over RCA-cleaned 22 mm #1 coverslips (27). The coverslips were 
then baked in an 80ºC oven for 30 min. Chip pieces were washed in ethanol and blown 
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dry before binding to the PDMS layer on the coverslips. The now assembled chips 
underwent final bake in an 80ºC oven for two hours.    
 
If executed correctly, this protocol has ~95% yield. The 5% failure is usually due to dust 
and debris that are trapped between layers and short-circuit the channels. This failure 
factor cannot be removed unless the entire fab is done is a clean room. 
 
A few common mistakes are the major contributors to poorer yields. First, baking times 
are critical, especially with PDMS Sylgard curing twice faster than PDMS GE RTV. 
Insufficient baking leads to clogged control channels and ripped flow layers, as the 
PDMS will be too soft. Excessive baking makes inter-layer bonding fail as it is based on 
completing the layer curing only after chip assembly.   
 
Second, overexposing the 5740 makes the channel mold profile V-shaped, which leads to 
throughput problems with the resulting microfluidic channels. 
 
Third, if TMCS bottle is left improperly closed, water vapor from the atmosphere reacts 
with the TMCS. This leads to failure of TMCS shielding, so PDMS binds strongly to the 
mold and the chip cannot be removed without breaking the mold. Both are wasted as a 
result. 
 
Fourth, putting the chips with their topside down on a Petri dish traps air inside the 
control channels. During baking, the air expands and closes the valves, which are thus 
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cured shut and cannot be subsequently opened. To prevent this, chips should be baked on 
racks that allow air to escape from the ports.  
 
Fifth, excessive standby at room temperature between bakes produces enough curing to 
fail inter-layer bonding. This usually happens when the chip batch is so large that it takes 
well over 1h to prepare all chips for the next bake. For the same reason, more complex 
devices must be fabricated in smaller batches. 
 
And sixth, punching the access ports fails many chips when the design has positioned 
them too close to each other or to unrelated channels. This is really a design error, but it 
manifests itself as fab failure. 
 
Apart from allowing for proper port spacing, the most important note concerning designs 
is to avoid dead volumes, e.g. between a valve and its T-junction. Such dead volumes 
usually result in cross-contamination and generally poor fluidics. For the same reason, the 
more advanced version of the multiplexor controls (Figure 4) is strongly recommended.  
 
As a final note on fabrication, it is critical to expand thick-layer designs by 1.5% for GE 
RTV and 1.7% for Sylgard, to compensate for the puck shrinkage after its release from 
the mold. Failure to do so will result in misaligned features. 
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Surface Chemistry  
 
The flow channels of the PDMS chip are filled with a mixture of DAPEG and the Pt 
catalyst at the volumetric ratio of 200:1 = DAPEG: catalyst. Then, the chip is baked in an 
oven at 80ºC for 30 min. The DAPEG mixture is flushed out of the microchannels with 
high purity water. Alternating layers of PEI and PAcr are built using 5 min feeds of 20 
mg/ml solutions at pH 8, by analogy with previous work at the macro scale (28). Next, 
the surface is biotinylated using a kit from Pierce (28). This is followed by deposition of 
Streptavidin Plus at 1 mg/ml in Trisb and biotinylated DNA at 7 µM in TrisMg. This 
completed the standard procedure for surface chemistry buildup. 
 
 
RESULTS 
 
In this sequencing-by-synthesis scheme, the template to be sequenced is annealed to a 
shorter primer and exposed to one type of nucleotide and its fluorescently tagged analog 
in the presence of DNA polymerase. If the tagged nucleotide is the complement of the 
template base next to the 3’ end of the primer, the DNA polymerase would extend the 
primer with that nucleotide. Fluorescence signal is then observed after a washing step, as 
the tag would then be attached to the DNA template. Since the type of tagged nucleotide 
is known in advance, the presence of signal reveals the template base. On the other hand, 
if the supplied tagged nucleotide is not the correct one, the primer is not extended and no 
signal is observed after the washing step. Next, another type of nucleotide is fed in the 
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same way. Once one base is determined, the scheme proceeds in exactly the same fashion 
to read out the next base in the template, and so on. Thus the promise of this scheme lies 
in the fact that so long as the polymerase can keep extending the primer in this fashion, 
there is no inherent ceiling in read length, as with gels. Background signal buildup and 
complications from FRET and fluorescence quenching can be eliminated with occasional 
steps of fluorescence bleaching. 
 
In general, the dye molecules attached to the nucleotides can hinder the polymerase 
activity due to steric effects, such that the extension yield drops below 10% after the first 
tagged base (25). Thus, the feeds contain a mixture of a nucleotide and its tagged analog 
instead of just the tagged analog. Under suitably chosen feed concentrations, only a 
fraction of the DNA population extends with tagged nucleotides, while most of the DNA 
builds up with a standard nucleotide and thus remains available for further extension 
without steric hindrance. Hence, the readout can proceed to further bases at the expense 
of a small portion of the DNA population per successful incorporation.  
 
Using microfluidic technology (26) as plumbing for this scheme has a number of 
advantages. At the microscale, diffusion happens within seconds, which facilitates 
reagent exchange times. Speed is important since the sequential nature of the scheme 
demands that the duration of each step be kept as short as possible, so that the overall 
duration of a sequencing run is comparable to or better than the one of the currently 
available technology. Microfluidics also provides parallelism and promises significant 
reduction in costs by economy of scale of reagents.  
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The sequencing chip is shown in Figure 1. The derivatization tree supplies reagents that 
build up the surface chemistry in all sequencing chambers at the same time. This 
parallelism is crucial in applications where a large number of chambers must undergo 
multi-step in-situ derivatizations. Next, the sequencing tree provides nucleotides and 
polymerase feeds to individually addressable sequencing chambers. Five separate 
sequencing experiments can be run in the same device after a single parallel chemistry-
buildup procedure. Thus the architecture solves a wider problem of combining parallel 
processing with individual addressability, which is relevant to array-based applications 
beyond DNA sequencing.       
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Figure 1A: Chip architecture. The microchannels are filled with food dyes to accentuate 
features – blue (flow layer), red (control layer). The derivatization tree supplies reagents 
to form surface chemistry in all five sequencing chambers at once. Lane controls direct 
flow of sequencing reagents from the sequencing tree into any chamber of choice. 
 
 137
 
 
Figure 1B: Sequencer device architecture.  Valves are formed only where wide control 
segments cross over flow segments. Arrows indicate the flow direction during operation – 
derivatization (green) and sequencing (purple). This microfluidic architecture is 
applicable in any situation combining parallel derivatization of an array with individual 
addressability of its elements.  
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We had previously developed surface chemistry that uses polyelectrolyte multilayers 
(PEM) to anchor DNA to glass (28) and provide electrostatic shielding against non-
specific attachment of tagged nucleotide. However, in our microfluidic application, the 
long bake that seals the coverslip to PDMS also destroys the hydroxyl groups on the glass 
surface, which are crucial for the PEM deposition. Shorter bakes allow PEM deposition 
but produce unreliable sealing.  
 
We introduced an additional featureless PDMS layer as a floor for the flow channels. 
That produced reliable sealing but required adapting the DNA anchorage chemistry to 
PDMS surfaces. PDMS polymerizes as SiH groups react with vinyl groups in the 
presence of a Pt catalyst. This process leaves unreacted SiH groups on the surface, which 
can be used as functionalization targets for vinyl groups during surface chemistry 
buildup. On the other hand, the polar nature of polyethylene glycol (PEG) made it a 
suitable substrate for PEM deposition. Thus we selected diacrylated PEG (DAPEG) as 
the link between PDMS and the proven PEM surface chemistry.  
 
While UV-based PEG and biotin grafts have been shown before (36, 37), our surface 
chemistry is the first demonstrated non-UV-based, robust, specific, and tunable anchoring 
of DNA to PDMS where the DNA remains sterically available for enzymatic biochemical 
reactions and fluorescence background from non-specific binding is suppressed through 
surface chemistry. 
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We built negatively terminated PEM on top of DAPEG-treated microchannel surfaces in 
a PDMS chip like the one shown in Figure 1. Next, 1 µM dUTP-Cy3 in Trisb was fed 
through the microchannel for a few minutes. After flushing with Trisb, pictures were 
taken and the average counts per pixel in the microchannel were obtained. One layer of 
PEI was built up to make the surface positively charged. Then, the dUTP-Cy3 feed, the 
flushing, and the detection were repeated. Since the tagged nucleotide is negatively 
charged, positively terminated surfaces attached 267 times more nucleotide than their 
negatively terminated counterparts, while other experiments showed PEM would not 
assemble onto PDMS in the absence of DAPEG. This shows the shielding quality of our 
PDMS-DAPEG-PEM surface chemistry. 
 
Further experiments showed that increasing the number of PEM layers increases the 
surface charge density, which improves the shielding. Four alternating layers are 
sufficient to prevent most of the non-specific attachment, while best signal-to-noise is 
reached at 12 layers. 
 
To test biotinylation, the DAPEG-PEM surface chemistry was built with 8 PEM layers in 
a PDMS microfluidic chip of essentially the same design as Figure 1. Then the 
biotinylation mixture (28) was fed at 5 mM for 1, 2, 4, 8, and 16 minutes into lanes 1 
through 5 respectively, followed in each case by a 2 min flushing of MES 10mM buffer. 
Next, pictures of all chambers were taken as background signals before the fluorophore 
feed, using the rhodamine fluorescence filter set. Streptavidin Alexa Fluor 555 from 
Molecular Probes was fed at 1 mg/ml in Trisb for 2.5 min from the derivatization tree 
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into all chambers simultaneously by keeping the derivatization valve array closed. All 
unattached streptavidin was washed away with Tris buffer and pictures were taken again 
with the same filter set. The net signal was extracted and converted into streptavidin 
surface density using a simple bulk calibration by volume fluorescence signal from a 
known probe concentration (Figure 2A). The same calibration method was used 
henceforth. 
 
 
Figure 2A: Biotinylation tunes DNA surface density. The chambers of the same device 
were biotinylated over varying times. Tagged streptavidin saturated the surface sites and 
measured biotin density. The linear dependence makes time a convenient lever to tune the 
DNA surface density. 
 
Since all available biotin sites were saturated by streptavidin by the time of signal 
detection, the observed linear dependence maps the biotinylation progress. This linearity 
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provides a tool for tuning the DNA surface density in the PDMS microchannel. The 
mapped range is the one of relevance to fluorescence studies, as further increase in 
density might bring the probes together close enough for fluorescence quenching to 
become an issue.  
 
To test surface chemistry stability with continuous flow, we anchored DNA1 in a device 
of the same layout as the one in Figure 1, using 16 PEM layers. Then we continuously 
flushed Trisb through one of the sequencing chambers, while simultaneously taking data 
every 5 minutes (Figure 2B). The “squares” curve shows the surface density of emitting 
fluorophores versus real time of continuous flushing. The “circles” curve shows the 
expected signal, based on prior photobleaching experiments conducted without flushing. 
Since the measured signal is consistent with the prediction, virtually all loss of signal 
must be due to bleaching of the Cy3 tag on the DNA rather than loss of DNA off the 
surface due to anchorage failure. Hence, the surface chemistry is stable over at least 1.5 
hours of continuous flushing. 
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Figure 2B. Surface chemistry is stable with 1.5h continuous flushing. The signal from 
anchored tagged DNA (squares) is consistent with the fluorescence bleaching prediction 
(circles) based on experiments without flushing. 
 
To test surface chemistry stability over time, we anchored DNA2 in a device of the same 
layout as the one in Figure 1, using 12 PEM layers. Next, from time to time, we flushed 
Trisb for 1min through all chambers simultaneously and then took pictures of them using 
the optical system described above. The emitting fluorophores surface densities are 
plotted in Figures 2C and 2D, where each curve shows the results from a respective 
chamber. The consistency of these curves demonstrates the uniformity of conditions in 
the array, as well as the reproducibility of the results. The signal is consistent with the 
bleaching prediction (empty diamonds in Figure 2C). Thus the falloff across exposures is 
not due to loss of material off the surface but due to fluorescence bleaching. The real-
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time pattern (Figure 2D) shows the anchorage is stable over at least 14 hours at room 
temperature.  
 
 
 
Figure 2C. Surface chemistry consistency. Signals from tagged DNA anchored in 
different chambers of the same device (black symbols) match the bleaching prediction 
(empty diamonds), so signal falloff is due to bleaching, rather than anchorage failure. 
The consistency in behavior among chambers shows desired homogeneity of conditions 
over the array. 
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Figure 2D. Surface chemistry longevity. Same data as in C, plotted versus real time 
shows surface chemistry is stable over 15 hours at room temperature. 
 
To test sequencing reagents stability over time, we anchored DNA1 in a device of the 
same layout as the one in Figure 1, using 14 PEM layers. After fluorescence detection 
confirmed the successful attachment of DNA in one of the microchambers, the Cy3 tags 
there were bleached. Next, ddGTP-TAMRA (100 µM in 1x Sequenase reaction buffer 
with 5 mM DTT) was fed into that chamber only, followed by a Trisb flush and 
fluorescence detection. Then, another solution containing 0.5 U/µL polymerase, but 
otherwise identical to the first solution, was fed into the same chamber, followed by a 
Trisb flush and fluorescence detection. Later, the same procedure was repeated with the 
next chamber, and so on. The results are shown in Figure 3A. Comparing the polymerase 
and non-polymerase cases for each chamber shows that everywhere the polymerase 
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successfully extended the primer with the tagged nucleotide, while the non-specific 
attachment of the dye was minuscule by comparison.  As the whole experiment was done 
with a single load of reagents, comparing the results across chambers shows that the 
polymerase and nucleotide remained active over at least two hours at room temperature 
with no visible loss in activity. 
 
 
 
Figure 3A. Longevity of sequencing reagents. The same sequencing reagents with 
polymerase (P) and without it (N) were fed into same-device chambers at different times. 
Tagged nucleotide incorporation was confirmed by the P-N difference in each case. P’s 
over time show sequencing reagents retain activity over at least 2 hours. 
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Taken together, these experiments showed that the device and reagents are stable and 
capable of performing nucleotide incorporations over many hours. Hence, we could 
proceed to sequencing. 
 
DNA1 was anchored in a device identical to the one in Figure 1, using 16 PEM layers. 
After fluorescence detection confirmed the successful attachment of DNA, the Cy3 tags 
in one of the chambers were bleached. Next, a feed containing polymerase, a nucleotide, 
and its tagged analog, was followed by a Trisb flush and fluorescence detection. This 
process was iterated with different feeds in the same chamber, to collect the sequencing 
data. The net increase in the fluorescent signal after each feed was converted into 
corresponding change in fluorophore surface density based on individual reagent 
calibrations. Next, the same experiment with the same sequence of feeds was repeated in 
another chamber of the same device, except for withholding the polymerase in all feeds. 
The similarly extracted data showed the level of non-specific attachment and was 
subtracted from the previous data to produce the final results for this experiment (Figure 
3B). The measured sequence, GAUG, exactly corresponds to the beginning of the known 
template sequence of CTACTG... Thus we have shown successful sequencing of four 
consecutive basepairs in a single microfluidic chamber.  
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Figure 3B. DNA sequencing data reads 4 bp correctly. A mixture of tagged and non-
tagged nucleotides of the same type is fed into a single sequencing chamber. 
Incorporation is detected as increase in fluorophore surface density. The read GAUG 
corresponds exactly to the actual template sequence CTAC. 
 
We pooled the data from nine such sequencing experiments with small variations in 
reagents, templates, and feeds schemes. The resulting histogram showed the most 
common read length to be three basepairs (Figure 3C). 
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Figure 3C. Statistics over nine sequencing experiments shows the most likely read length 
is 3 basepairs from a single chamber.  
 
 
DISCUSSION 
 
It is clear from the sequencing data that the signal-to-noise deteriorates so as to limit the 
read length in the chamber to four basepairs. We believe three factors conspire to produce 
this result.  
 
First, while the surface chemistry shielding works very well, it is not perfect, so there is 
some dye-dependent attachment (~50 dyes/µm2). Since it is non-specific, its magnitude 
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varies enough to make it difficult to subtract as a DC-offset. Further improvements in the 
chemistry may eliminate this factor, but its overall impact is small next to the other two. 
 
The second factor is that currently available polymerases have trouble incorporating even 
an unmodified nucleotide behind a tagged deoxynucleotide (typically 10% yield or less). 
Hence, at present, it makes no real difference if we use tagged deoxynucleotides or 
tagged terminators – in both cases, the primer does not extend any further. Every 
incorporation exponentially decreases the amount of DNA available for further 
incorporation, and so, the net signal drops with every sequenced basepair. The read 
length cutoff is where the net signal becomes comparable to the noise from other sources. 
Increasing DNA surface density would push the cutoff further along the basepair axis, but 
the surface density is limited on the upper end by quenching considerations and steric 
limitations. A better solution is to evolve polymerases whose incorporation yield is not 
affected by tagged nucleotides. Cleavable nucleotides (31, 32) promise to accomplish the 
same in a different way.  
 
The third factor is misincorporation – in the absence of competition from other types of 
bases in the solution, the polymerase can make a mistake and put in the wrong base. This 
results in loss of synchronicity, or dephasing, among the DNA strands in the sample, and 
thus the signal shrinks while the background increases. This can be addressed by 
evolving stricter polymerases and/or by use of kinetics decoy molecules to create 
competition among substrates.  
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When these techniques slow down the signal-to-noise falloff, read length will increase, 
while identification of repeats in the template sequence will become trivial through the 
multiplicity of the fluorescent signal. 
 
Even at the current read length, this system is immediately applicable where the goal is to 
sequence only a few basepairs. We used 500 nL of reagents per feed – considerably less 
than is practical with conventional methods. The fundamental lower bound is the volume 
of the sequencing chamber, which is currently less than 500 pL; so, the potential for 
improvement is another three orders of magnitude. Although some fixed initial 
investment is always necessary to interface between the macro and micro world, it would 
ultimately be distributed over thousands of chambers on the chip (33).  
 
The current readout length is also sufficient for single-nucleotide polymorphism (SNP) 
analysis (34). In this case, the advantages of our approach are straightforward 
integrability with other microfluidic devices and added fluidic functionality over 
similarly sized arrays (33). 
 
The microfluidic scale of these devices couples with the detection system to require a 
very small amount of DNA for successful information extraction. The sequencing 
chamber contained less than 1 fmol of DNA, compared to 2 pmol in pyrosequencing (13), 
and at least tens of pmol in other schemes. The automated capillary method (2) reported a 
detection limit of 1 fmol per band, which introduces a factor of 600 for the total DNA 
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amount necessary. The mass spectrometry method reported 5 fmol per fragment (8), or 
more (9), and so, suffers from the same factoring. 
 
Such parsimonious requirements enable a further advantage of our system, namely, its 
integrability with a number of devices based on the same PDMS microfluidic technology 
but addressing different applications (35-37). The elimination of the need to switch back 
and forth between the macro and micro scales just for purposes of DNA sequencing, 
opens the way to a number of exciting applications, e.g. closed-loop evolution and 
analysis microfluidic systems. 
 
The plumbing and surface chemistry described here are general and can serve as the basis 
platform for other sequencing schemes, such as pyrosequencing. Ronaghi et al. (13) used 
a four-enzyme system for incorporation, detection, and waste elimination, and showed 
successful sequencing. However, the system has limitations (14). It loses accuracy in 
homopolymeric regions, because the primer extension takes longer there, and the 
enzymatic nucleotide elimination kicks in too soon. Next, each new extension reaction 
adds more volume to the reaction mixture and the resulting overall dilution interferes 
with enzyme kinetics. Finally, intermediate products accumulation limits read length too. 
The microfluidics and surface chemistry promise to eliminate all these problems. 
Anchoring of the template means intermediate products and nucleotides are removed 
fluidically without loss of DNA. This does away with enzymatic nucleotide elimination, 
and so, helps in homopolymeric regions. Each new feed is at the same optimal reagent 
concentration, which avoids dilution kinetics problems. In addition, the amount of DNA 
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yielding the sequencing result in our system was 1 fmol vs the pyrosequencing amount of 
2 pmol (13) and 5 pmol (15). This parsimony would be important if the device is to be an 
integral part of a larger lab-on-chip system.  
 
Finally, we present the newest ideas based on this technology and the related prospects 
for future accomplishments.  
 
Since the current read-length limitation of the described system is ultimately due to 
biochemistry, while the fluidics is by no means fully taxed in terms of achievable 
complexity, it made sense to look for solutions, in which read length improvement is 
accomplished fluidically, rather than biochemically. This line of thinking led to a new 
sequencing scheme, which can be implemented in a 2x1inch chip, whose layout is shown 
in Figure 4. 
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Figure 4 (see next page for caption) 
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Figure 4: Parallel-buildup microfluidic DNA sequencer. DNA is anchored in the 32 
chambers of the main channel. Interrogation feeds are iterated through the first chamber 
until a positive result. Next, a standard nucleotide feed of the correct type builds up the 
DNA in all chambers to the same phase, and interrogation resumes. When the S/N in a 
chamber drops too low, interrogation is switched over to the next chamber; since the 
buildup keeps all chambers at the same phase, the read picks up from the correct 
sequence position.  
 
In this new scheme, DNA is immobilized using the same surface chemistry in the 32 
chambers of the main channel. Then only the first chamber is interrogated from the 
interrogation tree in the same way we do sequencing in the previous scheme. Once a 
positive answer is received, the templates in all chambers are built up to the same phase 
by a single incorporation feed containing the correct standard nucleotide as determined 
by the positive interrogation step. The process can be iterated until S/N becomes too low 
in the first chamber. Then, the same is repeated in the second chamber, and so on. Since 
the templates of all chambers are kept in phase, switching from one chamber to the next 
does not restart the sequencing, but resumes it from the correct position. We called this 
new scheme “parallel-buildup microfluidic DNA sequencing”. 
 
Consequently, the total read length in this scheme is the product of the number of 
chambers and the number of bp sequenced in each chamber. Thus this new device and 
sequencing scheme establish and take full advantage of the orthogonality between 
biochemistry and microfluidics. At least 4,000 chambers can be integrated in the same 
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device (33), while cleavable nucleotides and mutated polymerases should increase the 
biochemistry factor in that product significantly beyond the current 3. This establishes the 
lower bound for the projected total read length of future such devices at 12,000 bp, which 
is 20x better than the state-of-the-art electrophoresis sequencing technology.  
 
 
CONCLUSIONS 
 
We have combined fluorescence, surface chemistry, and microfluidic methods into a 
single PDMS device with broad applications to fluorescence studies of DNA. The system 
benefits from the standard microfluidic advantages of economy, speed, and control, while 
our architecture combines parallel processing and individual addressability, and is thus 
significant to array applications. On the other hand, the novel surface chemistry described 
here ensures the DNA retention in the device and is the first demonstrated specific, 
robust, and tunable grafting of DNA into PDMS microfluidic devices. This makes it an 
enabling technology for the related studies and applications, e.g. DNA pyrosequencing. 
Herein, we have proven the longevity and flow stability of the anchorage, as well as the 
longevity of our reagent preps. We have used the whole integrated system to demonstrate 
successful 3bp DNA sequencing, which showcases the developed technology and forms a 
major step towards microfluidic bulk-fluorescence DNA sequencing of longer read 
lengths, while the system remains fully integrable in PDMS lab-on-a-chip systems. 
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